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The Tocito and El Vado Sandstones have proven to be highly prolific 
hydrocarbon reservoirs in the largest domestic onshore conventional gas basin in the 
U.S., the San Juan Basin (SJB). Application of modern drilling technology and favorable 
petroleum commodity prices have resulted in increased exploration interest in the SJB. 
Despite 50 years of development and extensive research, our understanding of the 
distribution and variability of productive reservoir facies and the factors influencing 
reservoir heterogeneity is unclear. The Tocito Sandstone is a locally deposited, coarse-
grained, glauconite rich sandstone with a unique depositional style involving multiple 
depositional sequences and complex erosional contacts due to focused tidal influence 
in local paleogeographic lows. The El Vado Sandstone is a low porosity, low 
permeability regressive-transgressive, storm wave-influenced shelf sand that produces 
in vertical wells from natural fractures and extends deep into the SJB. Despite being 
commonly encountered in wells as stacked reservoir intervals, the Tocito Sandstone 
and El Vado Sandstone are lithologically unique, stratigraphically separate and require 
different technologies to exploit. Ample opportunity exists for new exploration in both, 
especially in areas previously un-explored using unconventional techniques. Through 
extensive regional well log correlations, core analysis and thin section petrography, this 
study characterizes the controls on deposition of the Tocito and El Vado Sandstones, 
the regional variability of the nature of these sandstones, the vertical relationships of the 
Tocito and El Vado Sandstones and underlying units and the influencing factors on 
reservoir properties and exploration success.  
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CHAPTER 1  
INTRODUCTION 
1.1 Purpose and Objectives 
This study examines the regional lithologic variability of the Late Cretaceous 
Tocito and El Vado Sandstones, characterizes their spatial and vertical relationships 
with underlying and overlying units, defines controls on deposition and examines the 
influencing factors on reservoir properties and petroleum exploitation. Understanding 
these aspects of both the Tocito Sandstone and El Vado Sandstones could lead to 
more efficient targeting of hydrocarbons and increase the potential for success in 
previously under-exploited areas of the SJB.  
Some of the complexity and lack of understanding of the above aspects is due to 
simple industry misnaming and consequently, confusion in observations. The nature of 
these unit’s vertical association and similar appearance as heterolithic shelf sandstones 
often leads to confusion in their identification in outcrop and subsurface. Thus, it is 
difficult to create accurate correlations, assign well depths, ensure depositional 
interpretations are properly assigned and last, but not least, assign resource production 
accurately to these reservoirs. This research project will attempt to define improved 
criteria for recognition and differentiation of these units, and further assess them in a 
more accurate fashion than has previously been attempted.  
The Tocito Sandstone is the most productive oil-bearing sandstone in the SJB 
(Fassett, 2010). The complex sedimentologic and stratigraphic nature of the Tocito 
Sandstone has resulted in a multitude of interpretations of its origins. These 
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interpretations include offshore bars or shelf-sand ridges (Kofron, 1987), tide-dominated 
deltas within incised valleys (Jennette and Jones, 1995), and tide-dominated deltas with 
confined straits formed by tectonically controlled paleo-lows (Nummedal and Riley, 
1999). These interpretations have different implications for lithology, spatial extent, and 
reservoir properties within the Tocito Sandstone reservoir system. In addition, the New 
Mexico Energy, Minerals, and Natural Resources Department (NMEMNRD) allows 
drillers to report any producing formation between the Dakota Sandstone and the Mesa 
Verde group as “Gallup.” These factors have led to a segregated body of research on 
the Tocito Sandstone focusing on individual fields and outcrops which are not often 
analogous to other fields or areas of the basin.  
In contrast to the Tocito Sandstone, the El Vado Sandstone is relatively under-
researched despite being the second most prolific reservoir sandstone in the SJB 
(Fassett, 2010) and a common target for recent unconventional drilling (Ridgley, 2001). 
In addition, regional distribution of the El Vado Sandstone and controls on reservoir 
heterogeneity in the SJB are still poorly defined. This study intends to examine old and 
new core, core data and thin sections and expand on work by Wood and Hedayati 
(2017) to produce a regional characterization of the Tocito and El Vado Sandstones, 
and improve on our understanding of these prolific hydrocarbon producing units. 
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1.2 Area of Investigation 
The study area is in the SJB, in northwestern New Mexico and southwestern 
Colorado. The SJB is a roughly circular, asymmetrical foreland basin in the Western 
Interior that spatially encompasses 10-12 mi2 (Figure 1-1) (Kelley, 1956). It is rimmed on 
the west, north and east by uplifts comprised of Mesa Verde-correlative Santonian-age 
stratigraphic units (Kelley, 1956; Fassett, 2010).  
 
Figure 1-1 Schematic structural south-north cross-section with the Tocito and El Vado 
Sandstones denoted. The sandstones are encased in Mancos Shale and distal to the 




Figure 1-2 Structural features of the SJB and associated surface expressions (modified 
from Fassett, 2013). The deepest part of the basin is to the northeast and the basin axis 
runs northwest-southeast. 
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The SJB is a predominantly Laramide intermontane basin similar to the Powder 
River, Piceance and Uinta basins (Kelley, 1956; Tweto, 1975). Cretaceous subsidence 
in the SJB occurred during a time of oblique convergence between the North American 
plate and northward-moving Kula and Farallon plates (Pang and Nummedal, 1995). 
The SJB earned its notoriety primarily as a gas-rich province, having produced 
44.8 trillion cubic feet of gas (TCFG) from 150 gas fields (Fassett, 2010).  Although less 
prolific as an oil producer, it still has a substantial history of oil exploration with 402 
million barrels of oil (MMBO) produced from 170 oil fields since the 1950’s (Fassett, 
2013, and current data). 
1.3 Dataset and Methods 
This study integrates subsurface well log mapping correlations, extensive core 
examination and thin section petrography to address the goals of this study.  
 
Figure 1-3 Map of locations of core examined in this study and their approximate 
location referenced to a structure map on the top of the Mancos Shale (modified from 
Ridgley et al., 2013). Core locations are evenly distributed throughout the basin and 
provide proximal and distal examples of Tocito and El Vado Sandstones (modified from 
Bottjer and Stein (1994) and Ridgley et al. (2013). Oil field from Fassett (2010) and the 
paleo-Gallup Sandstone shoreline (Ridgley et al., 2013) are shown for reference.  
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Core examined in this study include two recently drilled wells, the Harris Hawk 
20-1 drilled by Palomar Resources in the Verde-Gallup Field, and the Southern Ute 32-
9 drilled by Red Willow in the Ignacio-Blanco field and seven older cores archived at the 
U.S. Geological Survey (USGS) Core Research Center (CRC) in Denver, CO (Figure 
1-3). An additional six cores previously described by other workers were used to 
augment the core facies, reservoir properties and mineralogy database. These cores 
create an even spatial and temporal distribution of data throughout the productive areas 
of the SJB. Core locations and cored intervals for each well are shown in Table 1-1. 
Available data for each core is summarized in Appendix A. 
Stratigraphic correlation panels were built using 209 logs including gamma ray, 
resistivity and induction logs. One hundred and twenty-nine logs were digitized from the 
Point Lookout Sandstone to the Dakota Sandstone and the rest at various intervals. 
  
Figure 1-4 Map of wells used for subsurface work.  
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Table 1-1: Summary of core described in this study including API number, location, 
operator, well name, state, the source of the core and the units intersected in each core. 
(CRC= Core Research Center, Twn= Township, Rng= Range, Sec= Section). 
Supplemental cores used are included in the core data table in Appendix A. 
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1.4 Previous Research of Record 
This section summarizes earlier research on the Tocito and El Vado sandstones. 
1.4.1 Tocito Sandstone 
Early studies of the Tocito focused on the chronostratigraphic relationship 
between the Tocito and Gallup and the nature of the regional unconformity present 
beneath the Tocito. Authors such as Reeside (1924) and Sears (1925) identified 
offshore sandstones as shore-parallel time equivalent deposits of the Gallup Sandstone. 
This prompted the classification of all sandstones above the Greenhorn and below the 
base of the Mesa Verde as “Gallup” by the NMEMNRD (Fassett, 1983). 
8 
Increased industry activity by oil and gas companies in the 1950's led to increased 
interest in the Gallup, Tocito and El Vado Sandstones. Tillman (1985) summarized and 
contrasted the origins, depositional environments, and stratigraphic relationships of the 
Gallup and the Tocito Sandstones. This work summarized and compared five models 
proposed since 1957 when oil was discovered. These models include: 
• Model 1, which argued the Tocito was possibly older than the Gallup due to its 
occurrence closer to the Greenhorn than the Gallup in the Doswell Field Area 
(Bozanic, 1955). 
• Model 2, which suggests the Gallup consisted of a series of synchronous 
shoreline and offshore deposits (sand ridges or offshore bars) (Tomkins, 1957; 
Sabins Jr, 1963; Sabins Jr, 1972). 
• Models 3 through 5, all of which commonly highlight a major unconformity 
separating the shoreline Gallup Sandstones from offshore-bar sandstones 
(Tocito Lentils)  (Lamb, 1968; Molenaar, 1973; Molenaar, 1983). 
o Model 3 especially stresses the transgressive nature of the Tocito.   
Molenaar (1973, 1983) did extensive work mapping the Tocito in the 
southwest part of the basin and showed deposition took place between 
two transgressions which Molenaar termed T2 and T3. 
o Model 4 suggests the Tocito are offshore sand-ridges deposited during 
transgressions, but localized by topographic lows, most exemplified by 
Horseshoe and Many Rocks fields to the northwest (Penttila, 1964; 
McCubbin, 1969). 
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o Model 5 combines a major unconformity separating the Gallup and Tocito 
as well as multiple local unconformities (due to submarine erosion) on 
which a series of coeval Gallup shoreline and offshore sandstones were 
deposited.  The major unconformity is interpreted to be subaerial to the 
southwest and submarine to the northeast (Campbell, 1973). 
Most research suggests that the Tocito Sandstone was deposited during high-
frequency regressions of an overall transgression in paleo-lows formed by local uplift, 
that the base of the Tocito is bounded by a regional unconformity, that multiple local 
unconformities are present between Tocito Sandstone sequences and that there was a 
significant tidal influence during deposition. The spatial distribution of the Tocito 
Sandstone and the nature of the regional and local unconformities, submarine (Pasley 
et al., 1991; Nummedal and Molenaar, 1995) or subaerial (Jennette and Jones, 1995), 
is still debated. 
1.4.2 El Vado Sandstone 
Despite being the second most prolific oil producer in the SJB, the El Vado 
Sandstone is significantly less documented in literature than the Tocito Sandstone. 
Landis and Dane (1967) first described El Vado Sandstone when they mapped 
extensive outcrops on the eastern part of the Tierra Amarilla Quadrangle (Figure 1-5). 
The type section, located near the El Vado Reservoir, is described as a 90 to 100 foot 
thick interbedded siltstone and very-fine-grained sandstone with prevalent fractures, 
occasional calcareous beds and shell fragments (Landis and Dane, 1967). 
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Figure 1-5 Map of the Tierra Amarilla Quadrangle with outcropping El Vado Sandstone 
in green (modified from Landis and Dane, 1967). Inset map shows location of 
Quadrangle map relative to the Study Area. The type-section was measured in the 
neighboring Boulder Lake Quadrangle 2.4 miles east and 1 mile north of the southwest 
corner of the Tierra Amarilla Grant and 2 miles southwest of the emergency overflow 
outlet for El Vado Reservoir (shown by the arrow) (Landis and Dane, 1967). 
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The Department of Energy (1999) commissioned a study of the El Vado and 
Point Lookout Sandstones on the Jicarilla Apache Reservation that was conducted by 
the USGS. The result was a comprehensive analysis of the oil bearing rocks in the 
region and a better understanding of the importance of the El Vado Sandstone as a 
reservoir (Ridgley, 2000). 
Wood and Benavidez (2017) interpreted five individual progradational-
retrogradational stacked cycles in the El Vado occurring in two sequences, the lower 
composed of cycles 1, 2 and 3 and the upper composed of cycles 4 and 5. Deposition 
of strata near the ghost town of Guadalupe Village, NM occurred in a lower shoreface to 
shelf setting, deepening to distal shelf setting to the north in outcrops near the El Vado 
Reservoir. Wood and Benavidez (2017) and Hedayati (2008) interpreted the El Vado 
Sandstone to be coeval in part with the Tocito sandstone on the western edge of the 
SJB, but sourced from the more proximal Dalton sandstone to the south. Mapping of 
sand percentage trends parallel to the southern shoreline lead to the interpretation that 





CHAPTER 2  
GEOLOGIC BACKGROUND 
2.1 Basin Setting 
Late Cretaceous rocks of the SJB were deposited in the Western Interior Basin 
(WIB), an immense composite basin that spanned 1500 miles in width and 3000 miles 
in length (Weimer, 1960; DeCelles, 2004). The WIB was inundated by an immense 
shallow epicontinental sea, the Western Interior Cretaceous Seaway (WIS) which on a 
number of occasions connected the Gulf of Mexico and the Arctic Ocean (DeCelles, 
2004). The WIB formed as a result of subsidence from flexural response to loading of 
thrust sheets to the West in the Cordilleran thrust belt (Decelles et al., 1995) and 
mantle-flow induced, long wavelength dynamic subsidence associated with subduction 
of the Farallon plate (Pang and Nummedal, 1995; DeCelles, 2004; Liu et al., 2014). 
Laramide deformation beginning in the Late Campanian segregated the western side of 
the WIS into intermontane basins outlined by Precambrian basement uplifts, resulting in 
the present-day configuration of the SJB (Pang and Nummedal, 1995). 
Deposition in the WIB occurred in two major marine cycles: the Albian to Middle 
Turonian Greenhorn Marine Cycle and the Late Turonian to Maastrichtian Niobrara 
Marine Cycle (Kauffman and Caldwell, 1993), with deposition of the Tocito and El Vado 
taking place in the early to mid-Niobrara Cycle (Molenaar, 1974; Nummedal and Swift, 
1987; Jennette and Jones, 1995; Nummedal and Riley, 1999).  
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Figure 2-1 Paleogeographic maps showing the shift in paleo-shoreline from A) the end 
of the Late Turonian regression characterized by the wave-dominated Gallup shoreface 
to B) the Middle Coniacian transgression, the time of the latest deposition and El Vado 
deposition (Blakey, 2014). 
2.2 Structural Overview 
The SJB is overprinted by a series of northwest and northeast trending basement 
faults that form localized fault blocks 4-10 miles wide (Figure 2-2). The faults formed as 
a result of multiple stress fields related primarily to the Mazatzal orogeny (1.6 Ga) and 
the Yavapai orogeny (1.74-1.69 Ga; (Baars and Stevenson, 1982; Karlstrom and 
Daniel, 1993; Taylor and Huffman, 1998). Episodic movement on these faults during 
Paleozoic, Mesozoic and Cenozoic was documented and measured by Taylor and 
Huffman (1998).  
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Figure 2-2 Map of basement faults interpreted from deep 2-D seismic (red) and deep 
penetrating wells (black) compared to Tocito Sandstone (T) and El Vado Sandstone 
(EV) oil fields and the paleo-shoreline of the Gallup Sandstone (modified from Taylor 
and Huffman, 1998; Ridgley, 2001; Fassett, 2010). (Nummedal and Riley, 1999) 
Evidence of regional uplifts was documented through detailed stratigraphic work 
first in 1969 (e.g. Mccubbin, 1969) and in later studies (e.g. Jennette and Jones, 1995; 
Nummedal and Molenaar, 1995). Nummedal and Riley (1999) defined a distinct 
anticline they named the Waterflow Anticline (Figure 2-2). The Waterflow anticline was 
most active during the Early to Mid-Coniacian, which coincides with the most active 
period of far-field flexural deformation related to the Sevier orogeny 300 miles to the 
west (Pang and Nummedal, 1995). Uplift is most readily seen in the Juana Lopez 
Member across the anticline. Lack of thinning in the Distal Gallup equivalent strata 
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towards the uplift indicate that uplift of these anticlinal structures did not begin until Early 
Coniacian time (Valasek, 1995; Nummedal and Riley, 1999). The basal Tocito 
unconformity and subsequent local Tocito Sandstone unconformities are related to local 
uplift caused by reactivation of Precambrian faults, especially in the northwest SJB. This 
uplift influenced deposition of early Tocito Sandstone, creating sheltered straits with less 
wave influence, but enhanced tidal influence. The narrow, elongate planform geometry 
of the Tocito Sandstone is attributed to confinement within paleo-lows formed by uplifted 
basement blocks. 
Upper Tocito Sandstone deposition corresponds to a reversal of movement on 
the Precambrian faults and subsidence of basement blocks (Nummedal and Riley, 
1999). This localized subsidence reduced structural influence on the spatial distribution 
of the Tocito Sandstone. Sheltered straits opened and allowed more wave-enhanced 
erosion of the local highs, which led to further unconfined deposition of the Tocito 
Sandstone. In addition, sea-level continued to rise resulting in Tocito Sandstone 
deposition more landward and unconformably above the Gallup Sandstone.  
Following the Late Cretaceous, deformation related to the Laramide orogeny and 
Tertiary volcanic activity formed the present day configuration of the SJB (DeCelles, 
2004). The margins of the basin consist of the Nacimiento uplift and Archuleta Arch to 
the east, the San Juan Dome to the north and the Four Corners Platform and Hogback 
Monocline to the west and the Chaco Slope to the south (Figure 2-3) (Kelley, 1956). 
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Figure 2-3 Map of the structural features that define the SJB margins (modified from 
Wood and Benavidez, 2017). 
2.3 Stratigraphic Overview 
The Upper Cretaceous stratigraphy in the SJB pertinent to this study (Figure 2-4) 
consists in ascending order of: the Dakota Sandstone, the lower part of the Mancos 
Shale (Carlile age-equivalent) which includes the Graneros Shale Member, Bridge 
Creek (Greenhorn) Limestone Member and Juana Lopez Member, the Gallup 
Sandstone Formation, the upper part of the Mancos Shale which includes the Tocito 
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Sandstone Formation and the El Vado Sandstone Formation. At the base of the Tocito 
Sandstone is a regional unconformity (Figure 2-4, Figure 2-5) often referred to as the 
Gallup Unconformity (Hedayati, 2008), the post-Gallup Unconformity (Bottjer and 
Gustason, 2015), the Carlile-Niobrara Unconformity (Bottjer and Stein, 1994), the basal 
Niobrara Unconformity (Mccubbin, 1969; Molenaar, 1974) and the Coniacian 
Unconformity (Molenaar, 1983). For more in depth descriptions of Late Cretaceous units 
in the SJB, refer to the following papers (Fassett, 1983; Nummedal, 1990; Jennette and 
Jones, 1995; Valasek, 1995; Ridgley, 2001). 
 
Figure 2-4 Stratigraphy of the SJB modified from Ridgley (2013). The Tocito Sandstone 
lentils lie above a regional unconformity called the Gallup Unconformity. Both the Tocito 
and El Vado are encased in Upper and Lower Mancos Shale, except where they 
contact the Juana Lopez or Gallup Sandstone shoreface at the unconformity. 
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2.3.1 Tocito Sandstone 
Detailed lithofacies of the Tocito will be covered in Chapter 3. The Tocito 
Sandstone is a series of isolated linear sand bodies with lenticular cross-section that are 
up to 60 ft thick and entirely encased in Mancos Shale (Bottjer and Stein, 1994; 
Jennette and Jones, 1995). The Tocito Sandstone was likely deposited during a period 
of overall transgression in erosional lows (Riley, 1993; Bottjer and Stein, 1994; Jennette 
and Jones, 1995; Nummedal and Molenaar, 1995; Valasek, 1995). 
Up-dip Tocito Sandstone sequences rest directly on unconformable contacts that 
separate them from the underlying Gallup Sandstone (A and B tongues), the Dilco Coal, 
Torrivio Sandstone or JLP. Individually, sand bodies of the Tocito Sandstone may have 
local erosional or gradational basal contacts (Figure 2-5). The regional Tocito 
Sandstone basal unconformity is biostratigraphically constrained in the northwest where 
a 1-3 m.y. hiatus exists (Riley, 1993). To the southeast, biostratigraphic evidence 
suggests there is no hiatus on the unconformity, but the unconformity is evidenced by 
erosional contacts observed in outcrop and core (Nummedal and Riley, 1999).  
Based on subsurface correlations from this study and previously developed 
stratigraphic organizations (Bottjer and Stein, 1994; Jennette and Jones, 1995) ,the 
Tocito Sandstone is divided into four sequences (Figure 2-6) one being the oldest, four  
the youngest, which are further categorized as Upper Tocito Sandstone and Lower 




Figure 2-5 Schematic cross section depicting Late Cretaceous strata from the Dakota Sandstone to the Upper Mancos 
Shale. Tocito Sandstone (green) incises JLP, Lower Mancos, Gallup Sandstone, Torrivio Sandstone and Dilco Coal. 
Younger Tocito Sandstone locally incises older Tocito (modified from Jennette and Jones, 1995). The regional basal 
unconformity beneath the Tocito Sandstone is show in red.
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Figure 2-6 Schematic diagram of the Tocito Sandstone sequences. Note the local 
unconformities of younger Tocito Sandstone sequences merge with the basal Tocito 
unconformity which can be traced landward. The erosional base of the Torrivio may 
merge with the Tocito unconformities basinward. Upper and Lower Tocito Sandstones 
have significantly different depositional styles. The Lower Tocito is more confined in 
erosional lows and the Upper Tocito Sandstone is more widespread and deposited on a 
regionally flat erosional surface. Thickness of the Tocito 2 and Tocito 3 decreases on 
the eastern side of the SJB. The El Vado thickness is regionally correlative and a 
consistent thickness along strike except in the northwest part of the SJB, where it thins. 
The Upper Mancos Sand is most prominent in the northwest part of the SJB. Outcrop 
locations of the Tocito and El Vado are denoted by the map on the bottom right 
(modified from Jennette and Jones, 1995). 
2.3.1.1 Lower Tocito Sandstone 
The Lower Tocito Sandstone units form the elongate linear sand bodies that are 
the focus of this study (Figure 2-7). The Lower Tocito Sandstone consist of sequences 
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1,2 and 3 (Figure 2-6 and Figure 2-7). Unconformities at the base of each sequence 
were labeled Erosional Surface (ES) 1, 2 and 3.  
 
Figure 2-7 Isopach maps in the northwest SJB showing the four sequences of Tocito 
Sandstone. Dark blue is the thickest interval and light blue the thinnest. Contour 
intervals are 10 ft and maximum thickness is 60 ft. Sequences are arranged from oldest 
(1) to youngest (4). Note the elongate planform geometry of sequences 1-3 coincide 
with interpreted basement lineaments (Taylor and Huffman, 1998) and the widespread 
deposition of sequence 4. Younger sequences erode and truncate older sequences. 
Stacked sequences are shown at the bottom. Paleocurrent measurements are denoted 
by blue arrows and the Tocito Sandstone outcrop belt is shown in sandstone-yellow. Oil 
fields and the paleo-Gallup Sandstone shoreline is shown for reference (modified from 
Jennette and Jones, 1995). 
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2.3.1.2 Upper Tocito Sandstone 
The Upper Tocito Sandstone (sequence 4) (Figure 2-6), is deposited uniformly 
across the SJB and does not share the same linear planform geometry as the Lower 
Tocito Sandstone (Figure 2-7). The unconformity at the base of this sequence is difficult 
to interpret and assumed based on previous work by Jennette and Jones (1995).  
The Upper Tocito Sandstones have ridge-shaped cross-sectional geometries and 
merge into thin sand sheets. Ichnofauna of the Upper Tocito Sandstone is fully marine 
and internal sedimentary structures show tidal and wave influence. The Upper Tocito 
Sandstone is characterized from outcrop work by previous studies (Bozanic, 1955; 
Penttila, 1964; Mccubbin, 1969; Sabins Jr, 1972; Tillman, 1985; Jennette et al., 1991; 
Riley, 1993; Bottjer and Stein, 1994; Jennette and Jones, 1995; Valasek, 1995; 
Nummedal and Riley, 1999) and interpreted as a predominantly transgressive set of 
shelf sand ridges (Nummedal and Riley, 1999). Sand ridges from modern shelves 
commonly overlie estuarine or locally tide-dominated deltaics. Sediment for sand ridges 
typically comes from erosion of underlying strata (Swift, 1974; Nummedal and Riley, 
1999). Cores from this study do not intersect the Upper Tocito Sandstone. 
2.3.2 El Vado Sandstone 
The El Vado Sandstone is a regressive-transgressive clastic wedge that overlies 
the Tocito Sandstone in the Upper Mancos Shale (Figure 2-6). It is informally referred to 
as Niobrara sands or the Niobrara interval (which often includes the Tocito Sandstone 
below) due to its similar stratigraphic position and age relationship to the Niobrara 
Formation of Colorado (Bottjer and Stein, 1994). The El Vado Sandstone is consistent 
in thickness from north to south and is not affected by the same degree of erosion as 
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the Lower Tocito Sandstone. The El Vado sandstone is interpreted as a basin-ward 
facies of the regressive Dalton shoreline (Ridgley, 2001; Wood and Benavidez, 2017).  
This study uses the definition of the El Vado Sandstone outlined by Ridgley 
(2001). Ridgley’s definition compared to the definitions of Benavidez and Wood (2017) 
and Fasset and Jentgen (1978) are shown in Figure 2-8. Fasset and Jentgen included 
all transgressive sands above the Tocito Sandstone and below the Satan Tongue of the 
Mancos Shale, also called the Cortez Member of the Mancos Shale (Leckie et al., 
1997). Transgressive sands in the Satan Tongue of Mancos Shale are correlative to the 
Point Lookout Sandstone (Figure 2-4).  
The El Vado Sandstone has been previously mapped north into the Jicarilla 
Apache reservation and west into the Blanco Gas Basin. Subsurface mapping from this 
study shows the El Vado Sandstone extends a significant distance northwest into the 
Verde-Gallup Field where it thins and north of the likely Colorado-New Mexico border 
(Figure 2-8). 
2.3.3 Juana Lopez (JLP) Member 
The JLP serves as a regional marker bed in the SJB and is often found directly 
beneath the Tocito Sandstone. Sometimes referred to as the Sanostee, the JLP is a 
regionally extensive unit in between the Lower Mancos Shale (Figure 2-4). It is a 
coarsening upward unit of interbedded fossiliferous calcarenite, fine sandstones and 




Figure 2-8 El Vado Sandstone type log and total isopach map of. A) Definitions of El Vado Sandstone from earlier studies 
are show in gray, orange, and shades of violet. The El Vado interval defined in this study is shown in green (modified from 
Fassett and Jentgen, (1978). B) Total isopach map of the El Vado Sandstone made using minimum curvature. The 
contour interval is 10 ft. Thickness is relatively consistent throughout the basin except to the northwest where it thins.
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2.3.4 Lower Mancos Shale 
The Lower Mancos Shale is the interval of shale from the Dakota Sandstone to 
the base of the Gallup Sandstone and the Basal Tocito Unconformity (Figure 2-5). The 
Lower Mancos Shale grades into the Distal Gallup, both of which are below the Tocito 
Sandstone. It consists of mudstone, bioturbated sandy mudstone and laminated sandy 
mudstone lithofacies. It is vertically gradational with the overlying Gallup Sandstone 
(Figure 2-4) (Bottjer and Stein, 1994). It has been interpreted as a regressive prodelta 
shale correlative to the wave-dominated Gallup deltas (Campbell, 1971; Molenaar, 
1973; Nummedal and Molenaar, 1995). Lower Mancos Shale is the chronostratigraphic 
equivalent of the Carlile Shale of Colorado and Wyoming and is often referred to as 
such in the literature (Nummedal, 1990; Bottjer and Stein, 1994). 
2.3.5 Upper Mancos Shale and Mulatto Tongue  
The Upper Mancos Shale exists above a regional unconformity and extends to 
the base of the Point Lookout Sandstone. It includes the Mulatto tongue of the Mancos 
Shale, a fine-grained, locally fissile shale with high carbonate content and consists of 
primarily marine organic material, and the Satan Tongue of the Mancos Shale, a 
lithological similar unit underlying the Point Lookout Sandstone. The Mulatto tongue 
overlies the Tocito Sandstone with abrupt or gradational contacts, but invariably has a 
sharp base, where it rests directly on the Dilco Coal Member of the Borrego Pass 
Sandstone (Figure 2-4) (Molenaar, 1974; Nummedal and Swift, 1987; Kauffman et al., 
1993). The El Vado Sandstone is contained within the Upper Mancos Shale and is often 
referred to as Niobrara sands. The Upper Mancos Shale is mostly time-equivalent to the 
Niobrara Shale of Colorado (Bottjer and Stein, 1994). Both the Upper and Lower 
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Mancos Shale are the primary source of hydrocarbons for reservoirs in the SJB 
(Fassett, 2010; Ridgley et al., 2013). 
2.3.6 Gallup Sandstone 
The Turonian-aged Gallup Sandstone is historically linked to the Tocito 
Sandstone due to the coincidental strike of the Tocito Sandstone sand bodies and the 
paleo-Gallup Sandstone shoreline. The Upper Tocito Sandstone and some Lower 
Tocito Sandstone sequences lie unconformably above the Gallup Sandstone and all 
Tocito Sandstones are stratigraphically younger than the Gallup Sandstone (Jennette 
and Jones, 1995).The Gallup Sandstone is subdivided into six progradational-
aggradational tongues (A-F) from youngest to oldest (Figure 2-5).  The tongues are 
each separated by Mancos Shale and are characterized by an upward increase in bed 
thickness and texture, moderately to well sorted quartz sandstone and common 
Ophiomorpha and Thalassinoides burrows. The basal strata of each cycle are typically 
composed of heavily bioturbated sandstone, silt, and shale units interbedded with 
hummocky cross-stratified sandstone sets that grade upward in to trough cross-
stratified sandstone sets. Most of the individual Gallup tongues represent prograding 
shorefaces of wave-dominated delta fronts (Campbell, 1971; Molenaar, 1974; 
Campbell, 1979; Tillman, 1985; Nummedal and Molenaar, 1995).  
2.3.7 Torrivio Sandstone 
The Torrivio Sandstone is interpreted to have been deposited as a series of 
fluvial incised valley fills (Wood, 1993) and considered by some to be the primary feeder 
for at least the older Lower Tocito Sandstone sequences that form the northwest-
southeast trending sand bodies of the Tocito Sandstone (Riley, 1993; Jennette and 
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Jones, 1995; Nummedal and Riley, 1999). No other sediment source could supply sand 
grains coarse enough to form the Tocito Sandstone (Valasek, 1995). Landward, the 
Torrivio Sandstone overlies the Gallup Sandstone tongues F through B and merges at 
its basinward termination with the A tongue (Nummedal, 1990). It is possible the 
unconformity beneath the Torrivio Sandstone merges with the regional basal Tocito 
Sandstone unconformity, but direct evidence for this has not been documented.  
2.4 Stratigraphic Correlations 
Three regional dip-oriented cross-sections were built using Petra that correlate 
strata and surfaces from the Dakota Sandstone (deepest) to the Point Lookout 
Sandstone and intersect the cores described in this study (Figure 2-9). Datums used to 
flatten the cross sections are regional resistivity markers, typically bentonite beds or 
flooding surfaces. Correlation of the regional basal unconformity, Tocito and El Vado 
Sandstones and related stratigraphy was aided by referencing correlations by Molenaar 
and Baird (1992), Ridgley (2001), Hedayati (2008), Jennette and Jones (1995), Bottjer 
and Stein (1994), Mccubbin (1969), and Sabins Jr (1972). Cores used in this study are 
shown on each panel as black hatched intervals in the depth track. True dip angles 
were calculated for the vertical exaggeration and shown on each panel. Maximum 
depositional dip of the slope for each cross section was found to be <0.5°. Cross-
sections are shown in Figure 2-10, Figure 2-11, and Figure 2-12. 
A sandy, regionally correlative interval lithologically similar to the El Vado 




Figure 2-9 Reference map showing transects of three regional dip-oriented cross-
sections extending from the paleo-Gallup Sandstone shoreline to SJB center. Tocito 
Sandstone, El Vado Sandstone and other significant oil fields are shown for reference. 
This unit correlates to oldest tongue of the Point Lookout Sandstone and is 
significantly younger than the El Vado Sandstone. The Upper Mancos Sand was 
described in Speer (1957) and included in an ambiguous interval named the Top Lower 
Gallup. Historically, it was not stratigraphically differentiated from similar producing 
intervals in the SJB. It does not adhere to the previously established definitions of the El 
Vado Sandstone (Fassett and Jentgen, 1978; Ridgley, 2000; Wood and Benavidez, 
2017), but has similar lithology, reservoir properties and exploration potential. It is the 
main producing interval in the Verde-Gallup Field (Speer, 1957). Differentiation of the 
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Upper Mancos Sand and the El Vado Sandstone is important because they are 
separate potential exploration targets, likely require similar completion strategies and 




Figure 2-10 Regional Cross Section A-A’ is dip-oriented on the northwest end of the SJB and includes wells with cores in 
the Horseshoe and Verde-Gallup Fields and the Southern Ute 32-9 core in the deep basin. Cores that intersect Tocito 
Sandstone are labeled green and core intersecting El Vado Sandstone are label orange. The Harris Hawk 20-1 also cored 
a lithological similar shelf-sand to the El Vado Sandstone referred to as the Upper Mancos Sand and is labeled in purple.
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Figure 2-11 Regional Cross Section B-B’ is dip-oriented in the central part of the SJB and includes wells with cores in the 
Bisti, Lybrook-Gallup and Armenta-Gallup Fields. The Gallup Sandstone on the left does not appear to thin basinward. 
Cores that intersect Tocito Sandstone are labeled green and core intersecting El Vado Sandstone are label orange.  
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Figure 2-12 Regional Cross Section C-C’ is dip-oriented on the eastern end of the SJB and includes one cored well in the 
Rio Puerco Mancos Field labeled orange. There is less local downcutting by erosional surfaces on the east side of the 
SJB although overall relief on the basal regional unconformity is similar to the central and northwest SJB.
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Figure 2-13 Core photos in A) plain light and B) UV light of typical sandy facies in the Upper Mancos Sand interval. The 
producing interval is composed of heterolithic very-fine grained sandstone and shale similar to the El Vado Sandstone. 
This interval is commonly oil stained and fractured. In the UV image, light blue is fluorescing hydrocarbons and the orange 
sis possibly a concentrated calcareous interval.
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CHAPTER 3  
TOCITO SANDSTONE CORE STUDY 
3.1 Introduction 
This chapter outlines the results of the core study of the Tocito Sandstone. Five 
cored intervals totaling 224 ft were studied that intersect the Tocito Sandstone, Mancos 
Shale, Gallup Sandstone and the JLP to varying degrees in the Harris Hawk 20-1, Fed 
13-3, 26-7 South Blanco, Navajo 151F and Navajo 227G wells (Figure 3-1 (Table 1-1). 
 
Figure 3-1 Map showing the location of the El Vado Sandstone cores described in this 
study. Core locations in green were described in this study. Core locations in blue have 
been previously described by other authors. The seaward extent of the Paleo-Gallup 
Sandstone shoreline (Ridgley et al., 2013) and Tocito Sandstone fields (green) and El 
Vado Sandstone fields (orange) (Fassett, 2010) are shown for reference. 
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3.2 Tocito Sandstone Facies and Facies Associations 
Six facies were described for the five cores based on lithology, sedimentary 
structures, bioturbation intensity, ichnology, and fossil content. Lithology was described 
at the core scale and refined with thin sections descriptions when they were available. 
Shale content was estimated. Bioturbation intensity was estimated and rocks were 
categorized based on ichnofabric facies using the scheme of Droser and Bottjer (1989) 
(Figure 3-2). 
 
Figure 3-2 Schematic representation of Bioturbation Intensity (BI) values 1 to 6, after 
(Droser and Bottjer, 1989). 
Facies were combined into facies associations based on vertical and lateral 
successions and environmental interpretations. A summary of facies descriptions is 
shown in Table 3-1. Core photographs representative of each facies are shown in 
Figure 3-3. Facies percentages were calculated for each well shown in Figure 3-4.
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Table 3-1 Summary table of facies described in core with Tocito Sandstone and associated units. BI= Bioturbaiton Index, 












Fine to very-coarse 
grained, contains 
varying degrees of sub-
rounded, coarse 
glauconite grains (10-
40%), rounded and 
sub-rounded coarse to 
pebble-sized mud 
clasts, phosphate 
pebbles and chert 
grains aligned along 
foresets (shown in 
photos).  Beds range 
from 0.5 in. to 4 in. 
thick.  
Low angle planar and trough 
crossbedding defined by 
glauconite, chert and 
possibly phosphate grains. 
Bi-directional cross-bedding 
and reactivation surfaces are 
rare. Foresets are tangential 
or angular and can be mud-
draped. Cross-bed sets 
range from 6 in. to 3 ft. and 
are interbedded with shale 
layers up to 6 in. thick 
bounding the top and bottom 







Trace fossils in CBS 
facies are only easily 
distinguishable in the Fed 
13-3 and the 26-7 South 
Blanco cores and include 
Skolithos, Ophiomorpha 
and rare Thalassinoides. 
Inoceramus fragments are 
common at basal contact 
surfaces of the lower-most 
CBS facies. 
Often well sorted. 
Basal contacts of 
CBS intervals are 
often scour 





pebble lags. This 














very fine to coarse 
quartz sandstone (60-
90%) containing mud 
clasts and glauconite 
and calcareous shale 
(shale beds 1-2mm). 
Rare mud clasts. Can 
be glauconitic. 
Flaser and wavy bedding is 
common and, where not 
destroyed by bioturbation, 
remnant low-angle planar 
and trough cross-bedding 
was observed.  
Bioturbation 
intensity ranges 
from 1 to 5. 
Burrows are 
often filled with 
coarse sand 





Contacts above and 
below this facies are 
often gradational or 
poorly defined due to 
bioturbation. This 














Fine-upper to medium 
grained calcareous 
quartz sandstone (20-
60%) and dark gray to 
black mudstone and 
shale.Sand content 
often occurs in lenses 
and as burrow-fill.  
Low-angle cross bedding 
(often outlined by mud clasts 
and glauconite grains), and 
wavy and lenticular bedding 
containing current ripples. 
Sedimentary structures are 














difficult. Inoceramid and 
ammonite fragments are 
common and occur as 
part of chaotic deposits. 
Some scour fills are 

















Name Lith. Sed. Struct. BI Ichnology and Fossils Notes Dep. Env. 
FA2 Shale S 
Dark gray to black 
calcareous shale 
(>80%) interbedded 
with very-fine grained 
sandstones and 
siltstones. Deposition 
is often cyclic with 
some sandstone 
laminations and beds 
ranging from 1-2 
grains thick to 0.03-
0.11 in. thick. 
Sandstone and shale 
couplet beds range 
from 0.03-1.2 in. 
thick. 
Intervals with less 








and are often scour 
fills or lenticular.  
Sand lenses are 





between 0 and 
2. BI increases 
in intervals with 
increased sand 
content. 
Burrowing is primarily horizontal 
and consists of 
Planolites,Chondrites, and rare 
Teichichnus. Inoceramid fragments 
and compacted Inoceramid shells 
are common and range in size 
from 0.03-0.8 in. thick. Shell 
fragments commonly occur as 
poorly sorted chaotic hashes that 
are massively bedded or normal-
graded. Larger Inoceramid 
fragments are commonly encrusted 
by oysters, likely Pseudoperna 
congesta. 















sandstone beds and 
siltstone beds. 
Sandstones occur in 
planar beds or 
lenses.  
Planar bedding and 




intensity is low 
(0-1). 
Burrowing is rare, predominantly 
horizontal and consists of 
Planolites. Inoceramus fragments 
are common as single fragments or 
mud supported shell hashes. 
Sandstone lenses and 
beds are commonly oil-
stained and sometimes 
pyritized. This facies is 
similar to the Shale 
facies and is 
distinguished by high 
calcite content and 
higher fissility. This 
facies is encountered in 
the 151F core beneath 































Ichnofauna in HSM facies are 
indiscernible. Rare pyritized 
planktonic foraminifera, 
Globigerinid, was observed, 
possibly Globoratalia. 
This facies occurs 
unconformably beneath 
CBS facies of the 
Tocito Sandstone. 
Septarian nodules are 







Figure 3-3 Photographs showing examples of the Facies from Tocito Sandstone Cores. 
Core width is 3 in. A) Typical CBS facies with planar and trough cross-bedding, foreset 
aligned glauconite grains, chert grains, phosphate pebbles and mud clasts and 
occasional burrowing. B) Most of the sand in the BMS facies is introduced from 
burrowing and is often oil-stained. Planolites and Skolithos are common as multi-tiered 
overprinted bioturbation fabrics. C) Sand in the BSM facies is often introduced from 
burrowing below sandier facies. Planolites burrows are shown here. D) S facies are 
interbedded with siltstones and very-fine sandstone with occur as planar beds or 
pyritized rippled lenses. E) The CSS facies is a more calcareous than the similar S 
facies and often more fissile. F) HSM facies consists of cemented interbedded siltstone 
and very-fine grained sandstone and shale and is typically found beneath Tocito 
Sandstone basal unconformities.  
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Figure 3-4 Map and graph showing distribution of facies percentages in wells 
intersecting Tocito Sandstone.  
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Primary distinguishing characteristics of the Tocito Sandstone include coarse 
quartz sand and glauconite grains, phosphate pebbles, shale clasts and planar and 
trough cross-bedding. An example of typical CBS facies is shown in Figure 3-5. 
 
Figure 3-5 Photograph showing CBS facies in binoculars. Medium to coarse, 
glauconite-rich, cross-bedded quartz sandstone is characteristic of the Tocito 






Figure 3-6 Thin sections were unavailable for the Navajo 151F, 227G and Harris Hawk 20-1, but thin sections from a 
neighboring well in the Horseshoe Field are petrographically identical based on comparative studies (Sabins Jr, 1972). A) 
Lower Tocito Sandstone above the basal unconformity. The black grain in the center is a phosphate nodule. B) Lower 
Tocito sandstone with medium-grained quartz sandstone with poikilotopic calcite cement. C) Medium-grained quartz 
sandstone with secondary dolomite cement. (modified from Sabins Jr, 1972)
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Figure 3-7 Labeled thin section photographs of each facies described in the Tocito 
Sandstone cores. Thin sections for S facies are shown in Figure 4-3. Calcite is stained 
Alizarin red and porosity is blue. A) CBS facies consisting of coarse-grained glauconite 
rich sandstone. B) BMS and BSM facies consisting of fine-grained sand and interstitial 
mud. C) HSM facies consisting of heavily bioturbated mud-supported and cemented fine 
to very-fine grained sand. Shale clasts are common. 
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3.3 Depositional Environment of Cored Intervals 
Interpretations of depositional environments are based on core and thin section 
observations from this study and built on observations from previous outcrop and 
subsurface sedimentologic, stratigraphic and structural studies (Sabins Jr, 1963; 
Mccubbin, 1969; Campbell, 1979; Molenaar, 1983; Tillman, 1985; Jennette and Jones, 
1995; Nummedal and Molenaar, 1995; Valasek, 1995; Nummedal and Riley, 1999). 
3.3.1 Tidal Shallow Marine in Confined Erosional Low 
The Tocito Sandstone was deposited in a primarily tidally influenced shallow 
marine setting that was likely confined to paleo-geographic lows. Tidal indicators 
documented in Tocito Sandstone cores include alternating planar and trough cross-
bedding, bi-directional cross-bedding (rare), mud-draped foresets, reactivation surfaces 
and heterolithic mud interbeds (Figure 3-8). These sedimentary structures suggest 
frequent fluctuations in currents (velocity and direction) (Dalrymple and Choi, 2007). 
Alternating CBS and BMS facies (FA1) represent a cyclic increase and decrease in 
depositional energy, also indicative of tidal influence. 
A concentration of glauconite grains, phosphate pebbles, a lack of subaerial 
exposure surfaces and marine trace fossil assemblages (Figure 3-9) indicate the Tocito 
Sandstone was deposited in an entirely marine setting.  
The elongate planform geometry of the Tocito Sandstone, infrequent bi-
directional cross-beds, sharp erosional basal contacts, and an overall lack of wave-
influence suggest deposition occurred in a narrow, sheltered seaway or strait. In 
addition, paleo-current measurements from outcropping Tocito Sandstone indicate a 
southeast current direction. 
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Figure 3-8 Photographs of tidal indicators observed in Tocito Sandstone core. A) An 
example of bi-directional trough cross-bedding (white dashed lines), mud-draped 
foresets and foreset-aligned pebble and phosphate clasts. B) Examples of reactivation 
surfaces and foreset-aligned glauconite grains. Structures are denoted by dotted white 
lines. C) Examples of mud-draped foresets. D) Examples of thin to thick interbedded 
mud layers. E) Example of thin interbedded mud layers.  
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Figure 3-9 Examples of ichnofauna in Tocito Sandstone cores: A) Skolithos and 
Planolites. B) Ophiomorpha and possibly Paleophycus. C) Zoophycus (rare in Tocito 
Sandstone facies), Planolites and possibly Thalassinoides. D) Planolites burrows filled 
with coarse sands and mud pebbles beneath an erosional contact. Facies are labeled. 
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A confined strait can create inequalities between tidal currents that result in a net 
transport in one direction (Davis and Dalrymple, 2012).  
In the CBS facies, the presence of sporadic intervals containing foreset-aligned 
phosphate pebbles and mud clasts, <6 in. cross-bed sets and trace fossils preferential 
to higher energy including Skolithos, Ophiomorpha, Paleophycus and Thalassinoides 
(MacEachern and Pemberton, 1992; Nummedal and Riley, 1999) suggest periodically 
strong currents.  
BSM facies represent a decrease in current strength indicated by an abundance 
of horizontal burrows and sediment feeders such as Planolites that prefer lower energy 
environments. This facies is more common on the landward and seaward margins of 
Tocito Sandstone sand bodies and at gradational contacts above the Tocito Sandstone. 
In addition to current variability related to spring and neap tidal current 
fluctuations, variations in sea-level can have significant effects on current strength in 
straits or seaways. Anastas et al. (2006) hypothesized that a strait or seaway has an 
optimal water depth at which current speed is greatest. Both shallowing and deepening 
of the water from this optimal depth can cause a decrease in current speed (Figure 
3-10). A decrease in sea-level causes an increase in friction and an increase in sea-
level causes the strait to be unconfined. Second order coarsening and fining upward 
successions, intraformational erosional surfaces and an increase in the proportion of 
low-energy BSM facies on the margins and upper contact of the Tocito Sandstone could 
be reflecting changes in sea-level and therefore current-strength. 
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Figure 3-10 Proposed relationship between water depth and current velocity in a 
confined strait or seaway and their corresponding deposits. Depth at which current 
speeds occur varies based on bottom roughness and confining width. NT = no current-
generated sediment transport (after Anastas et al., 2006). 
3.3.2 Tidally Influenced Shallow Marine – Deep Marine Transition 
The BSM and S (Shale) facies were grouped into FA2 because they are often 
vertically adjacent and represent a gradational change from the tidally influenced Tocito 
Sandstone to the deeper marine facies of the Mancos Shale. Planar-laminated black 
shales interbedded with thin very-fine grained sandstone and siltstone beds, combined 
current ripples, normal graded gravity deposits (seen in Figure 4-6 and Figure 4-8) and 
little bioturbation suggest the S facies represents the Mancos Shale and was deposited 
in an offshore-deep marine environment (Schieber, 2016). 
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3.3.3 Shallow Marine Shelf and Lower Shoreface to Shelf Transition 
The CSS and HSM facies are not grouped into facies associations because they 
occur beneath erosional unconformities at the base of the Tocito in the Navajo 151F 
and the Fed-13-3, 5-2 San Isidro and 26-7 South Blanco, respectively.  
Very-fine to silt sized quartz sand and shale, heavy bioturbation, extensive calcite 
cementation, planktonic foraminifera and Ichnofauna including Ophiomoprha, 
Paleophycus, Planolites, Schaubcylindrichnus, Phycosiphon and Skolithos indicate this 
the HSM facies represents the shore to offshore/shelf transitional zone of the Gallup 
Sandstone or Lower Mancos Shale (Campbell, 1971; Campbell, 1979). Because the 
HSM facies occurs beneath the regional basal Tocito Sandstone basal unconformity as 
well as younger local unconformities, it could also belong to the Upper Mancos Shale. 
Interbedded calcareous shale and very-fine grained sandstone and siltstone 
beds, the presence of planar laminations, wave ripples and combined flow ripples, 
suggest the CSS facies represents the JLP member and was deposited on a storm 
influenced shallow marine shelf (Harty III, 2017). 
3.4 Core Descriptions 
Hand-drawn core descriptions include lithology, sedimentary structures, 
bioturbation intensity and type, shale percentage and oil staining if applicable. Core 
were digitized using EasyCore and available core analysis data including porosity, 
permeability and XRF data was integrated. Thin sections were available for two cores 
described in this study and two previously described supplemental cores. Core 
description data and core analysis data was exported from EasyCore and analyzed 
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using Spotfire. Vertical scales vary. For expanded core descriptions of each well, refer 
to Appendix B. Figure 3-11 depicts a legend for core descriptions in this chapter. 
 
 
Figure 3-11 Legend for the following core descriptions for the Tocito Sandstone. 
Core descriptions for the 5 cores described in this study are shown in (Figure 
3-12). Primary characteristics of the Tocito Sandstone examined in each core are 
outlined in Table 3-2. Based on detailed stratigraphic work, the Tocito sandstone 
intervals examined in this study are interpreted as Tocito Sandstone sequences one, 
two and three (Jennette and Jones, 1995) or Lower Tocito Sandstone (Nummedal and 
Riley, 1999). 
3.5 Vertical and Spatial Variation in the Tocito Sandstone 
The Tocito Sandstones in the Navajo 151F, 227G and Harris Hawk 20-1 were 
deposited in the northwest portion of the basin, more proximal to the interpreted source 
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of clastic input from the Torrivo fluvial sandstones (Jennette and Jones, 1995; 
Nummedal and Riley, 1999). They were deposited unconformably on shelf and deep 
marine units of the JLP and Mancos Shale. Tocito Sandstones in the Fed 13-3 and 26-7 
S. Blanco were deposited ~22 miles to the southeast of the previous wells, 
unconformably on shoreface to offshore transitional equivalents of the Gallup 
Sandstone formation and the Mancos Shale.  
3.5.1 Vertical Variations 
Figure 3-13 shows a schematic representation of the core wells in the context of 
their respective Tocito sequences. Cored intervals exhibit an overall fining upward 
pattern and higher order fining and coarsening upward patterns. 
Lower contacts are primarily erosional and sharp. The Navajo 151 F core and 
227 G core are located in the Horseshoe field. Tocito sandstone in these cores is 
separated from the JLP member by a regional unconformity (ES1). The Harris-Hawk 20-
1, Fed 13-3 and 26-7 S Blanco lie unconformably above the Mancos Shale. Several 
minor intraformational erosional surfaces are common in all the cores and characterized 
by normal-graded mud clasts, phosphate pebble and chert pebble lags (Figure 3-12).  
Upper contacts vary and are gradational, sharp, sharp but heavily bioturbated or 
characterized by a Transgressive Surface of Erosion (TSE) at the upper contact. The 
upper contact of the Harris Hawk 20-1 is capped by an anomalous normal graded mud 
pebble debrite, but is otherwise gradational. The varying expression of these contacts in 
core is shown in Figure 3-15. Figure 3-14 shows an example of a sharp erosional 
contact in core and in thin section for the 3-15 Davis Fed Com well, an analogous Tocito 
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Sandstone core located on the eastern margin of the basin. Coarse grained sand is 
often introduced below contacts within burrows. 
3.5.2 Spatial Variations 
A direct link to a sediment source for the Tocito Sandstone has not been found, 
but the most likely source is the fluvial Torrivio Sandstone. From detailed stratigraphic 
mapping, Valasek (1995) found that the Torrivio Sandstone is the only 
chronostratigraphically suitable unit with coarse enough grains to source the Tocito 
Sandstone. Based on outcrop studies of the Torrivo Sandstone in the Beautiful 
Mountain area (west SJB) where paleo-currents were mapped in the southeast 
direction, Jennette and Jones (1995) interpreted the Tocito Sandstone to be sourced 
from a western Torrivo Sandstone fluvial system . A western sediment source suggests 
sands grains would be immature to the northwest and more mature to the southeast. 
Molenaar and Nummedal (1995), and Wood (1993) thoroughly mapped the Torrivio 
Sandstone on the western and southern margin of the SJB. Paleo-current 
measurements from these and other recent studies confirm a northeastern flowing 
fluvial system (Wood, 1993; Nummedal and Molenaar, 1995; Krueger et al., 2010). 
Differences in grain size, sorting and roundness were compared in the CBS 
facies between the Navajo 151F, 227G and Harris Hawk 20-1 wells (northwest SJB) 
and the Fed 13-3 and 26-7 S Blanco wells (southeast SJB). Differences from northwest 
to southeast were a slight increase in grain size, a decrease in sorting and insignificant 




Figure 3-12 Core descriptions are shown for the 5 cores examined. Columns are staggered to approximate stratigraphic 
level of each Tocito Sandstone sequence and erosional surface intersected in each core. Core locations are shown on the 
map (upper left). Blue and red triangles are first and second order vertical succession indicators. Triangles point towards 
smaller grain size. Description columns are labeled and include BI, shale percentage, porosity, permeability and oil and 





Figure 3-13 Schematic representation of the facies log from four cores and approximately where they are in the 
Horseshoe, Verde, and Bisti Fields. The upper contact in the Horseshoe and Verde field is characterized as gradational 
while the contact near the Bisti Field is characterized by a TSE. The brown shading indicates increased mud content 
towards the margins. Mud content increases and sand content decreases towards the margins of the lenticular Tocito 
Sandstone sand bodies. The landward erosional unconformities at the base of each sequence are typically steeper than 






Figure 3-14 Core and thin section photographs of a sharp, erosional contact at the base 
of the Tocito Sandstone in a well on the eastern margin of the SJB. Note the coarse 




Figure 3-15 Photographs of core boxes for 4 of the described cores and the 25-5 S Blanco core with the upper and lower 
contacts denoted. Cores are 3 in. in diameter. Thin sections location described in Figure 3-7 are shown by numbered 
dots. Contacts are denoted on the core box photos and expanded to the right of each core. The 25-5 S Blanco core was 
included due to a better availability of thin section photos and to show a second example of the TSE at the upper contact. 
The 25-5 South Blanco well is 2800 ft (840 m) to the southeast of the 26-7 South Blanco well.
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There is not enough variation in sand grain maturity from northwest to southeast to 
suggest a single sediment source from the northwest. It is more likely the Tocito 
Sandstone received sediment input from northwestern and southern sources.  
3.5.3 Reservoir Heterogeneity 
Core data available for the Tocito Sandstone varies in type and methodology of 
acquisition and includes porosity, permeability and XRF data and is summarized in 
Table 3-3. The variability and quality of the data and bias in sample amount warrants a 
degree of skepticism about conclusions from relationships between different variables. 
Porosity and permeability values for facies described in the Tocito Sandstone 
show a positive correlation, however an r2 value of 0.309 for this cross plot is insufficient 
to confidently predict one variable from the other. The CBS and BMS facies are 
expectedly the best reservoir facies, but BMS facies display surprisingly better porosity 
and permeability than the CBS facies, likely due to sampling location being from coarse-
grained sandstone intervals between interbedded mudstone layers. BSM facies have 
slightly lower values than the CBS and BMS facies, as expected due to a higher mud 
content (Figure 3-16). The HSM facies has consistently low porosity and permeability. 
Bioturbation intensity, shale percentage, calcite and dolomite percentage and measured 
depth were compared to porosity and permeability values as well and included in 
Appendix A.  
Tocito Sandstone fields historically developed by conventional vertical wells 
experience diminished reservoir properties on the margins of the field (Mccubbin, 1969; 
Jennette and Jones, 1995). The Navajo 227G core is located closer to the seaward 
margin of the Tocito 1 sequence sand body (Figure 3-17) and also has a larger 
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proportion of mud-prone facies (BMS, BSM and S). A slight correlation between 
degradation of porosity and permeability and bioturbation and shale percentage was 
observed in the data, however r2 values are <0.5, too low to suggest statistical 




Table 3-2 Characteristics of each Tocito Sandstone described in this study. Horseshoe 
Field wells were considered together. 
Characteristic 
Navajo 151F, Navajo 
227G 
Harris Hawk 
20-1 Fed 13-3 26-7 S. Blanco 
Average Grain 
Size 
medium upper- coarse 
lower, 510-590 microns 
medium lower, 
130 microns 
coarse upper, 1000 
microns 
coarse lower - 
coarse, upper 710 
microns 
Average Sorting moderately-well sorted 
moderately 
sorted poorly-well sorted poorly-well sorted 
Average 
Roundness 
sub angular to sub 
rounded sub rounded sub rounded sub-rounded 
Porosity (%), 
Perm. (mD) 8,45  4.2, 0.00642 5.6, 1.5 11, 0.1 
Average Calcite % 
(CBS,BMS) 7 19 1.9 6 
Average Dolomite 
% (CBS, BMS) 2 3 3.4 4.4 
Glauconite Content dense moderate moderate moderate 
Glauconite Color dark green dark green light green light green 
Pebbles common very common common very common 
Fossils Inoceramus, sharks’ teeth Inoceramus Inoceramus Inoceramus 
Ichnofauna rare Skolithos uncommon 
Ophiomorpha, rare 
Thallassanoides rare Ophiomorpha 
Sedimentary 
Structures 
planar and trough cross-
bedding, bi-directional 





planar and trough 
cross-bedding 
planar and trough 
cross-bedding 
Tidal Indicators 










Current Indicators none observed none observed rare rare 
Vertical Trend Overall fining Up Overall fining up 
Overall fining up, 
second order 
coarsening up 
Overall fining up, 
second order 
coarsening up 




Basal Contact light light-moderate heavy moderate 
Capping Contact 
Sharp-gradational 










Proximity to Torrivo 












Table 3-3 Notes on core data acquisition techniques and sources of data. 
Core Porosity Data Permeability Data XRF Data Notes 
Navajo 151 
F 





multiple reading at 
same depth) 
Weight % 




None None NA  
Harris 
Hawk 20-1 
Ambient Klinkenberg Weight % 
Data from Weatherford 
Labs. Majority of samples 
are fractured into pieces or 
contain visible fractures or 



















400 psi test 










Figure 3-17 Map showing Horseshoe Field and Many Rocks field with interpreted Tocito 
1 sequence thickness contours overlain. The 151F well is central to the longitudinal axis 
of the thickest part of the Tocito Sandstone in the Horseshoe field and the 227G well is 







Figure 3-18 Cross plot of permeability and porosity compared to shale percentage and 
bioturbation intensity exported from core descriptions. Although shale and bioturbation 
show an overall degradation of reservoir properties, the cross plots show low correlation 





EL VADO SANDSTONE CORE STUDY 
4.1 Introduction 
This chapter outlines the results of the core study of the El Vado Sandstone. 
Three cores totaling 590 ft were examined that intersect the El Vado Sandstone and 
Mancos Shale in the 2 Sanchez, 5-2 San Isidro and Southern Ute 32-9 wells (Table 
1-1). Core locations are show in Figure 4-1. 
 
Figure 4-1 Map showing the location of the El Vado Sandstone cores described in this 
study. Core locations in green were described in this study. Core locations in blue have 
been previously described by other authors. The seaward extent of the Paleo-Gallup 
Sandstone shoreline (Ridgley et al., 2013) and Tocito Sandstone fields (green) and El 
Vado Sandstone fields (orange) (Fassett, 2010) are shown for reference. 
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4.2 El Vado Sandstone Facies 
Three facies descriptions were built for the three cores examined using the same 
criteria and methodology used for the Tocito Sandstone cores. Facies were combined 
into facies associations based on vertical and lateral relationships and environmental 
interpretations. A summary of facies descriptions is shown in Table 4-1. Core 
photographs and thin section images representative of each facies are shown in Figure 
4-2 and Figure 4-3, respectively. Facies percentages were calculated for each well 
shown in Figure 4-4. 
4.3 Depositional Environment of Cored Units 
Interpretation of depositional environments of the El Vado Sandstone is based on 
observations from this study and previous outcrop and subsurface sedimentologic and 
stratigraphic studies (Landis and Dane, 1967; Wood, 1993; Ridgley, 2001; Hedayati, 
2008; Fassett, 2013; Wood and Benavidez, 2017). 
4.3.1 Storm-dominated Shelf to Open Marine 
Interbedded shales and very-fine grained sandstone and siltstones of the MS and 
SS facies are burrowed by ichnofauna that include Planolites, Chondrites, and 
Teichichnus representative of Cruziana ichnofacies. Chondrites and Teichichnus 
indicate the El Vado Sandstone was deposited in a subaqueous saline environment 
(Figure 4-5) (MacEachern and Pemberton, 1992). Planar laminations, planar beds, 
wave ripples and combined current ripples indicate the presence of active bottom water 
currents on the El Vado time seafloor (Figure 4-6) (Harms et al., 1982).  
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Table 4-1 Summary table of facies described in core containing the El Vado Sandstone and associated units. BI= 













Dark brown to black 
calcareous shale (>70%) 
interbedded with very-fine 
lower sandstone and 
siltstone beds. Grain size is 
consistent throughout the SS 
facies. Sandstone beds occur 
in cyclic intervals ~0.1 in. 
thick. Intervals are composed 
of a single grain to 0.1 in. 
thick beds of sandstone and 
shale. Isolated 0.5 in. to 1 in. 
sandstone beds occur in 
lenses. 
Sandstones and 
shales are planar 
bedded and 
laminated, except 
where bioturbated.  
Bioturbation 
intensity is one or 
less and is 
associated with an 
increase in sand 
content, although 
mud-filled burrows 
were also observed 
in thin section 
Planolites is common. 
Inoceramus fragments are 
common and occur as 
single compacted 
fragments, couplets and 
chaotic or normal-graded 
hashes. Inoceramus 
fragments are sometimes 
encrusted by the oyster 
Pseudoperna congesta. 
This facies differs from 









Very-fine grained calcareous 
heterolithic quartz sandstone 
(>60%) and black shales. 
Sandstone beds are 
deposited in cyclic intervals 
and range in thickness from 
0.5 in. to 2 in. beds 
interbedded by dark brown to 
black shale beds 0.1 in. to 1.0 
in. thick.  
Sandstone beds are 
often planar bedded 
or form lenses. 
Combined current 
ripples and starved 
ripples, often mud-
draped, are 
common. The base 
of sandstone beds 









Planolites, Chondrites and 
Teichichnus. Inoceramus 
fragments are common 
and occur as single 
compacted fragments, 
doublets and chaotic or 
normal-graded hashes. 
Shell hashes are often 
mud-supported and 
occasionally imbricated. 
Inoceramus shells range 
from 0.1 in. to 1 in. in 
thickness.  
Some cores are 
heavily oil stained and 
fractures are common 
in cores near basin 
margins. Some beds 
or sandstone lenses 







NA  Bentonite B  
Weathered ash beds 
containing clay and volcanic 
glass. Bed thicknesses range 
between 0.5 in. to 6 in. 
Bentonites in the SJB are 
approximately 80% mixed 
layer illite/smectite and the 
remaining 20% composed of 
chlorite and trace kaolinite. 
Bentonite beds 
typically have a 
sharp base and 
either normally 
grade up into S 
facies or form a well 
sorted layer capped 
by ripples and 
planar laminations. 
 None None 
Bentonites in the basin 
were either gravity-






Fractures in the core 
from this study 






Figure 4-2 Photographs showing examples of the Facies from El Vado Sandstone 
Cores (example of S facies shown in Figure 3-3). Core width is 3 in. A) The MS facies is 
characterized by rippled, planar-bedded and normally graded and lenticular, heterolithic, 
calcareous very-fine grained sandstone and shales. B) Typical SS facies is composed 
of >70% shale interbedded with rippled, planar-bedded, normally graded and lenticular 
very-fine lower sandstone and siltstone beds. C) Bentonite beds typically have a sharp 
base and either normally grade up into S facies or form a well sorted layer capped by 
ripples and planar laminations. Bentonites in the basin were either gravity-deposited or 
settled as pelagic deposits.
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Figure 4-3 Labeled thin section photographs of each facies described in the El Vado Sandstone cores. S facies thin 
sections are more pertinent to the El Vado and were included here. Core scale photographs are shown in Figure 3-3. 
Calcite is stained Alizarin red and porosity is blue. The 11-16 San Isidro core was used as an analog due to lack of thin 
sections for the 5-2 San Isidro core. Circled numbers correlate to locations of each thin section in core photographs 
shown in Appendix B.
68 
 
Figure 4-4 Map and graph showing distribution of facies percentages in wells containing 
El Vado Sandstone core.  
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Bottom water currents are complex in shallow ramp settings like the SJB and are 
influenced by a variety of current-generating processes including thermohaline-induced 
geostrophic flows, wind-driven flows, and density flows (Schieber, 2016). Circulation 
and coastal downwelling in the WIS was primarily influenced by water density 
differences created by fresh-water runoff into the basin. Latitudinal temperature and 
salinity gradients and mean annual winds played supporting roles (Slingerland et al., 
1996). For a detailed description of deep-water currents and their deposits refer to 
Shanmugam (2008). 
In the deeper S facies, planktonic foraminifera are common, making up more 
than half the composition of thin interbedded siltstone layers (Figure 4-7). During the 
Late Cretaceous, huge amounts of pelagic carbonates were deposited in the open 
ocean, on flooded shelves and in epicontinental seas like the WIS (Erba, 2006). 
Foraminifera that originally fell out of suspension were re-worked by bottom-currents, 
evidenced by foreset-aligned uniserial and biserial foraminifera. Cross-laminated shale 
intervals also indicate currents were active in the deepest parts of the SJB (Figure 4-8). 
Ichnofacies including Planolites and vertical Chondrites burrows indicate deposition in a 
fully-marine, oxygen-depressed environment seen in Figure 4-3.  
Normal-graded beds, debrites and scoured bases of sandstone beds are 
common in all facies and indicates deposition was also gravity-driven (Figure 4-9). The 
frequent occurrence of graded beds with combined flow beds  suggest gravity deposits 
are wave-modified or wave-enhanced (Figure 4-10) (Myrow et al., 2002), and likely 




Figure 4-5 Core photographs showing examples of ichnofauna and fossils observed in El Vado Sandstone. Ichnofauna 
include A) Teichichnus, Skolithos, Planolites, B) Cylindrichnus, and C) Zoophycus. Fossil examples include D) an 
Inoceramus hash, E) encrusting oysters and F) large Inoceramus fragments. 
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Figure 4-6 Core thin section photographs showing examples of A) starved mud-draped combined current rippled beds 
with scoured bases, B) starved mud-draped ripples in thin section, C) planar bedding, truncation surfaces and burrowing 
and D) combined flow rippled pyritized lenticular sand beds. Calcite is stained Alizarin red.
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Figure 4-7 Thin section image from the SU 32-9 core of beds composed of both quartz grains (white) and foraminifera 
(pink). Calcite is stained alizarin red. 
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Figure 4-8 Core and thin section photographs showing examples of A) cross-stratification in mud layers and B) the 
representative examples in thin section. Note the foreset-aligned shell fragments in core (left) and the foreset-aligned 
uniserial and biserial foraminifera in thin section (right). Calcite is stained Alizarin red.
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Figure 4-9 Core and thin section photographs showing example of gravity driven 
deposits including A) debrites composed of shell and fossil fragments, B) chaotic mud-
supported inoceramid fragments hashes (tempestites), C) normal graded beds with 
scoured bases and rippled tops (wave modified turbidites) composed of silt and 
foraminifera and D) a normally graded bentonite bed with a scoured base and rippled 
top in plain and UV light to highlight grading. White triangles indicate the direction of 
decreasing silt and fossil content and an increase in shale. 
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Evidence of large storms during El Vado Sandstone time are well documented. Arora et. 
al. (2014) observed meter-scale hummocks associated with (oldest) Tocito Sandstone 
and El Vado Sandstone aged strata in outcrop to the southeast, suggesting massive 
wave environments active during the time of deposition.  
 
Figure 4-10 Generalized wave-modified turbidite bed compared to wave-modified 
turbidite bed observed in the SU32-9 core (modified from Myrow et al., 2002) 
Wave-enhanced sediment gravity flows are capable of delivering sediment and 
influencing deposition up to 400 km (250 mi) offshore at slope angles <1° (Figure 4-12) 
(Schieber, 2016). Slope angle interpreted from regional cross-sections is 0.5-0.25° 
degrees in the vicinity of the downcutting Tocito Sandstone erosional lows and <0.1° on 
the outer shelf and in the deep basin where the El Vado Sandstone is deposited. 
Studies of El Vado Sandstone outcrops to the south in the Cabezon Peak region 
are interpreted as more shore-proximal, specifically interpreted as a lower shoreface 
interval of an overall shoreface succession due to an abundance of hummocky-cross 
stratified beds of fine to very-fine grained sandstone as well as Thalassinoides burrows 
(Hedayati, 2008; Vakarelov et al., 2012; Wood and Benavidez, 2017). 
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Figure 4-11 Schematic diagram of hyperpycnal and wave-current enhance sediment 
gravity flow (from Schieber, 2016). 
 
Figure 4-12 Depositional process on a shallow slope compared to their offshore reach in 
200 m water depth. Processes influencing deposition of the El Vado Sandstone are 
highlighted (from Schieber, 2016). 
The El Vado Sandstone facies examined in this study represent the distal shelf 
expression of the El Vado Sandstone. El Vado sandstones have been interpreted as 
genetically related to the Dalton shoreface succession (Landis and Dane, 1967; Fassett 
and Jentgen, 1978; Hedayati, 2008; Fassett, 2010; Wood and Benavidez, 2017).  
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4.4 Core Description 
Cores were described using the previously described methodology and digitized 
using EasyCore. Available core analysis data including porosity, permeability and XRF 
data was integrated. Core description data and core analysis data were exported and 
analyzed using Spotfire. Thin sections were analyzed for two cores described in this 
study and three cores from previous studies. Vertical scales vary. For full core 
descriptions of each well, refer to Appendix A. XRF and reservoir properties data from 
five cores previously described and published in literature were used to supplement the 
database. Figure 4-13 depicts a legend for core descriptions in this chapter. Core 
descriptions for the 3 cores described in this study are shown in Figure 4-14. 
4.5 Vertical and Spatial Variation in the El Vado Sandstone 
The El Vado Sandstones in the 5-2 San Isidro, 2 Sanchez and SU 32-9 were 
deposited throughout the SJB, entirely above the Tocito Sandstone. The 5-2 San Isidro 
provides a southwestern shoreline proximal example of deposits during the El Vado 
Sandstone time. The 2 Sanchez is a proximal-distal example and the SU 32-9 is a distal 
example of deposits during the El Vado Sandstone time. Characteristics of the El Vado 
Sandstone examined in each core are summarized in Table 4-2. 
4.5.1 Vertical Variations 
The El Vado Sandstone is characterized by successive intervals of upward 
decreasing sand content and increasing shale content. In the 5-2 San Isidro and 2 
Sanchez, this relationship is illustrated by MS facies grading up into SS facies (FA3). In 










Figure 4-13 Legend for the following core descriptions for the El Vado Sandstone. 
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Figure 4-14 Core descriptions for the 3 El Vado Sandstone cores examined. Core 
locations are shown on the map (upper left). The upper section of the 5-2 core 
intersects part of the El Vado Sandstone interval. The lower section is just below ES3. 
The 2 Sanchez core intersects the upper half and very lower part of the El Vado and 
intersects the ES2 unconformity. The SU 32-9 core intersect the full El Vado interval. 
Blue and red triangles are first and second order vertical succession indicators. Triangle 
points indicate decreasing sand and silt content. Core data columns are labeled and 
include BI, shale percentage, porosity, permeability and oil and water saturation. 
Vertical scales vary. Refer to Appendix B for detailed descriptions. Contacts not shown 
were not intersected by the core. 
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Upward-decreasing sand and silt content successions were compared to previously 
interpreted individual parasequences of Hedayati, (2008) (Figure 2-8). These 
parasequences are based on measured outcrop sections near the El Vado Reservoir 
(Figure 1-5) and correlated to the Tribal-C 4-E gamma ray log (Wood and Benavidez, 
2017). Regional correlation of these individual sequences was difficult to reproduce and 
no significant correlation between the paraseqeunces and the vertical successions was 
observed (Figure 4-15). 
Contacts in the 5-2 San Isidro and SU 32-9 cores are gradational with Mancos 
Shale or not intersected in the cored interval. The basal contact at the base of the 2 
Sanchez core is the ES3 unconformity. This interpretation is supported by a nearby 
cored well, the Angel Peak B-37 (Figure 2-11), that intersects the ES3 unconformity and 
contains a thin Tocito Sandstone interval (Bottjer and Stein, 1994).  
4.5.2 Spatial Variations 
Primary spatial differences between proximal and distal deposits of the El Vado 
Sandstone are a decrease in overall sand content and a decrease in bioturbation 
intensity and diversity as settings become more distal from the shoreline and likely more 
dysoxic. The El Vado Sandstone increases in overall thickness from northwest to 
southeast (Hedayati, 2008; Wood and Benavidez, 2017). The thickest El Vado 
sequences interpreted by Hedayati (2008) are sequence 3, 4 and 5. These sequences 
are perpendicular to the basin axis and trend northeast (Figure 4-16) (Wood and 
Benavidez, 2017). Wood and Benavidez (2017) hypothesized offset thicknesses of each 
sequence suggest compensated deposition took place, however the overall consistent 
thickness of the El Vado Sandstone suggests little variation accommodation space. This 
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suggests the difference in accommodation is purely depositional and compactional 
(Wood and Benavidez, 2017). 
 
 
Figure 4-15 Core description for the SU 32-9 core and intervals of upward decreasing 
silt and very-fine sand content compared to the well-log scale parasequence 
interpretations of Hedayati, (2008). A vertical graph of core XRD data was included for 
reference. A legend is located on the left and a large-scale version is included in 
Appendix B. 
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Natural fractures are prevalent in El Vado Sandstone fields on the margins of the 
SJB and observed in the three cores studied (Table 4-2). Fractured reservoirs include 
the East and West Puerto Chiquito Field, Boulder Field and Rio Puerco Mancos Field 
on the eastern margin of the SJB and Verde-Gallup Field, La Plata Field, Meadows 
Field and Red Mesa Field (Colorado) on the western side of the SJB.(Gorham Jr. et al., 
1977; Fassett, 2010). Fracturing is primarily attributed to deformation related to early 
Laramide activity, however, the Armenta-Gallup Field (2-Sanchez), located in the 
central SJB is also characterized as a fractured reservoir despite being far from the 
uplifted margin. Low relief flexures are likely sufficient to create vertical fractures in the 
thinly-interbedded sandstones and shales (Sperandio, 1983). Natural fractures are the 
key to conventional production is fields characterized as fractured.  
4.5.3 Reservoir Heterogeneity 
Like the Tocito Sandstone, core data available for the El Vado Sandstone varies 
in type and methodology of acquisition and includes porosity, permeability and XRF 
data and is summarized in Table 4-3. Again, the variability and quality of the data and 
bias in sample amount warrants a degree of skepticism about conclusions from 
relationships between different variables and the statistical significance. 
With data deficiencies in mind, porosity and permeability values for facies 
described in the El Vado Sandstone show a positive correlation and plot in two distinct 
groups based on facies (Figure 4-17). The S facies has an overall higher porosity and 
permeability than the SS facies. This could be related to increased permeability due to 
natural fracturing preferentially occurring in the S facies. Fractures observed in core 





Figure 4-16 Map showing compensated thicknesses of the El Vado Sandstone 
sequences 3,4 and 5. These are interpreted as the thickest El Vado Sandstone 
sequences and are perpendicular to the basin axis and trend northeast (from Wood and 
Benavidez, 2017). 
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Table 4-2 Characteristics of each El Vado Sandstone from core described in this study.  
Well 5-2 San Isidro 2 Sanchez SU 32-9 
Average Grain 
Size 
fine, 210 microns silt, 11 microns silt, 2 microns 
Average 
porosity (%) and 
permeability 
(mD) 
MS: 4.7, 0.000514 
S: 4.5, 0.000132; SS: 
5.44, 0.4 




10.7 38 27 
Average 
Dolomite % 
9.6 7 5.4 
Fossils Inoceramus fragments 
Inoceramus, fish bones 













planar beds and laminae, 
lenticular beds, combined 
flow current ripples, starved 
ripples and mud-draped 
ripples 
planar beds and laminae, 
normal-graded beds, 
combined current ripples, 
starved ripples and wave 
ripples (often mud-draped) 
planar beds and 
laminae, lenticular beds, 
combined flow current 
ripples, starved ripples 
and mud-draped ripples 
Sedimentary 
Structures 
combined current ripples, 
planar beds, wave-modified 
turbidites and debrites 
combined current ripples, 
planar beds, wave-
modified turbidites and 
debrites 
combined current 




successive intervals of 
decreasing sand and silt 
content upward 
successive intervals of 
decreasing sand and silt 
content upward 
successive intervals of 
decreasing sand and silt 
content upward 
Basal Contact NA sharp gradational 
Capping 
Contact 




3 2 <1 
Fracture 
Frequency 
common common very common 
Proximity to 
Paleo-shoreline 
proximal mid-distal distal 
Calcite Nodules yes yes yes 
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Table 4-3 Notes on core data acquisition techniques and sources of data. 






Weight %   
2 
Sanchez 
Dry & Dean 
Start extracted 
conditions, % 





Analysis performed by The 
Mineral Lab, Inc., Matrix 
Permeability is an absolute Kg 
determined from pressure 
decay results on the clean and 










weight %  




Bioturbation Intensity, shale percentage, calcite content and dolomite are shown 
in Appendix B and have little to no influence on porosity and permeability. Higher quartz 
content correlates to a lower porosity and slightly lower permeability (Figure 4-19), 
however r2 values are too low to suggest statistical significance. It is worth noting that 
thin sections taken from areas of increased silt and sand content show interparticle 
space is calcite cemented and porosity is primarily intraparticle (Figure 4-20). 
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Figure 4-17 Cross plot of permeability and porosity for the El Vado Sandstone facies. Data points are colored by facies. 
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Figure 4-20 Thin section photographs of interbedded mud and silt and very-fine sand and foraminifera beds. Porosity is 





5.1 Relating the Tocito and El Vado Sandstones 
Deposition of the Lower Tocito Sandstone and the El Vado Sandstones are 
influenced by two separate suites of processes. Deposition of the Lower Tocito 
Sandstone is influenced by tidal currents enhanced by confinement in a strait or seaway 
and deposition of the El Vado Sandstone is influenced by storm wave-enhanced ocean 
bottom currents and wave-enhanced turbidity currents. Overlap of these processes 
takes place during Upper Tocito Sandstone deposition, where less confinement in 
paleo-lows allows bi-directional tidal currents and wave-action to influence deposition 
(Nummedal and Riley, 1999). 
Mapped local unconformities at the base of the Tocito Sandstone sequences and 
a lack of wave-generated sedimentary structures in cores support the hypothesis that 
uplifted basement blocks generated intervening straits that hosted Tocito Sandstones 
and sheltered these depo-sites from storm waves. Timing of this uplift is constrained to 
the Early Coniacian due to a lack of thinning of Gallup Sandstone equivalent strata or 
Mancos Shale below the Tocito Sandstone. The regionally correlative nature of the 
basal Tocito Sandstone unconformities suggests uplift was widespread throughout the 
basin. 
As reactivation of the basement faults waned, and previously uplifted areas 
began to subside and erode, straits confining deposition of the Lower Tocito Sandstone 
opened and tidal currents were less focused. A decrease in confinement likely occurred 
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in the southeast part of the SJB first, evidenced by less downcutting of each erosional 
surface and a widespread planform geometry of Tocito Sandstone fields, unlike to the 
typical elongate planform geometry of the Lower Tocito Sandstone in the northwest.  
Sedimentary structures in the widely deposited Upper Tocito Sandstone show a 
mix of tidal influence and wave influence (Nummedal, 1990; Riley, 1993; Jennette and 
Jones, 1995; Arora and Wood, 2014).  
As sea-level continued to rise, deep-water shales of the Mancos Shale were 
deposited above the Tocito Sandstone. In the Middle Coniacian, after deposition of the 
Tocito Sandstone, the El Vado Sandstone was deposited in a shoreface to shallow shelf 
setting (Wood and Benavidez, 2017), with little structural influence on deposition. 
5.2 Petroleum Prospectivity 
The Tocito and El Vado Sandstone are often found in close association in wells, 
with the El Vado Sandstone overlying the top of the Tocito Sandstone. Their similarities 
in log character and nature as sub-units within the Mancos transgressive shales can 
lead to an inability to differentiate them on logs. However, the Tocito and El Vado 
sandstones are lithologically and sedimentologically different and they form unique 
hydrocarbon reservoirs, each requiring their own exploration strategies and completion 
techniques.  
The Tocito Sandstone is highest quality Cretaceous reservoir rock in the SJB 
with porosities averaging 15% and permeabilities ranging from 25-100 mD. Tocito 
Sandstone fields are produced conventionally from vertical wells in over 30 fields and 
have produced more than 150 MMBO (Fassett, 2010). Conventional Tocito Sandstone 
production is decreasing due to field depletion and discovery of new conventional 
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targets is unlikely. Any remaining fields are small and are likely to be located 
geographically on the Chaco Slope, in the Upper Tocito Sandstone beds where oil from 
down-dip more northward reservoirs has migrated up structural dip to the south (Figure 
5-3). 
The El Vado Sandstone is the second largest, oil -producing formation in the SJB 
at more than 41 MMBO. Production is primarily from heavily-cemented shales and very-
fine sandstones that have been fractured due to post-depositional Laramide-age 
structural deformation, particularly along the SJB uplifted margins (Gorham Jr. et al., 
1977; Fassett, 2010; Arthur, 2011). Although most of the naturally fractured reservoirs 
have been discovered, there is immense potential for future exploration of the El Vado 
Sandstone and associated Mancos Shale by horizontal drilling and fracture stimulation 
techniques Figure 5-1.  
Horizontal wells south and east of the Verde-Gallup Field were drilled by Bayless 
and Encana in 2012 and most were successful, producing both oil and gas and little 
water. Only two horizontal wells have been drilled in the vicinity of the Puerto Chiquito 
Fields of the eastern SJB with poor results. A recent gas discovery was made by a 
10,000-ft. fracture stimulated horizontal well in the Mancos Shale drilled near the NEBU 
602 Com 1H drilled near the SU 32-9 core (Figure 5-2). 
Other recent oil success in the SJB has been from horizontal wells drilled by 
WPX and Encana south of the eastern end of the Bisti Field and south of the Lybrook-
Gallup Field (Figure 5-2) (Anderson, 2015; Bottjer and Gustason, 2015). This play is 
unique in that it targets neither Tocito or El Vado Sandstones, but the HSM facies 





Figure 5-1 Map showing all oil wells in the SJB drilled both vertically and horizontally 
(black circles) and horizontally drilled gas wells (red open circles) with respect to the El 
Vado Sandstone total isopach map. Horizontally drilled wells are highlighted in pink. 
Much of the basin has yet to be explored utilizing horizontal drilling technology. Oil fields 
of Fassett, 2010 are shown as green polygons (Tocito and El Vado Sandstone fields are 




Figure 5-2 Map showing basin-wide activity by active operators. Encana and WPX have had recent success near the Bisti 
and Lybrook-Gallup field exploring the facies beneath the Tocito Sandstone. WPX is exploiting fractured reservoirs in the 
eastern SJB. BPL48 successful tested a horizontal frac-stimulated well near the Colorado-New Mexico boarded. Bridge 





Figure 5-3 Map showing horizontal drilling activity in the vicinity of the Bisti and Lybrook 
Gallup Fields targeting the HSM Facies (shaded blue). Potential for exploitation using 
horizontal drilling techniques exists northwest and southeast of the blue area. Small 
fields producing from the Gallup Sandstone on the Chaco slope such as the Hospah 





The goal of this study was to examine the regional lithologic variability of the El 
Vado Sandstone, the Tocito Sandstone and compare and characterize their spatial and 
vertical relationships with underlying and overlying units, define controls on deposition 
and examine the influencing factors on reservoir properties and petroleum exploitation. 
1) An abundance of alternating planar and trough cross-bedding, bi-directional cross-
bedding, mud-draped foresets, reactivation surfaces and heterolithic mud interbeds 
indicate deposition of the Tocito Sandstone was tidally influenced. A high 
concentration of glauconite grains, phosphate pebbles and a lack of subaerial 
exposure evidence indicate the Tocito Sandstone was deposited in shallow marine 
environment. Intervals characterized by sedimentary structures and ichnofacies 
associated with high energy deposition alternate with low energy facies, possibly 
due to changes in sea-level affecting the current strength in a confined depositional 
setting. 
2) Planar laminations, planar beds and combined current ripples indicate the presence 
of active combined currents influencing deposition of the El Vado Sandstone. 
Normal-graded beds with scoured bases and rippled upper intervals indicate wave-
enhanced turbidity currents were common as well. Foreset aligned foraminifera 
indicate currents influenced the deepest parts of the basin. Debrites consisting of 
shell fragments and fossil detritus indicate large storms influenced bottom currents 
97 
and aided in far offshore deposition. A decrease basinward in Ichnofauna amount 
and diversity, a decrease bioturbation intensity and an increase in the proportion of 
foraminifera to quartz grains in sandstone beds indicate deposition occurred in 
water depths associated with a shelf to open marine setting. Oxygen levels likely 
varied due to depositional mixing, but there was an overall shift from oxic to dysoxic 
conditions from proximal to distal.  
3) Bioturbation and shale and content significantly degrade permeability and porosity 
in the Tocito Sandstone and the El Vado Sandstone. Burial might influence 
cementation in the Tocito Sandstone in the central part of the SJB. Calcite and 
dolomite cementation have no consistent correlation to porosity or permeability 
degradation in Tocito Sandstone. Porosity and permeability degradation in the El 
Vado Sandstone is likely due to calcite cementation. Natural fractures likely 
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Table A-1 Continued 
HH 20-1 Unknown NA 2 10 2122.3 5.80 0.000100                                     
HH 20-1 Unknown NA 2 10 2124.3 2.20                                       
HH 20-1 Unknown NA 1 38 2138.7 6.90 0.000600 1.62 52.00 7.00 3.00   1.00 5.00 14.00 5.00 1.00   7.00 3.00 1.00 1.00       
HH 20-1 Unknown NA 1 17 2146.4 6.60   1.21                                   
HH 20-1 Unknown NA 1 42 2148.6 6.30 0.001300                                     
HH 20-1 Unknown NA 1 39 2151.5 6.10                                       
HH 20-1 Unknown NA 1 25 2152.9 5.90                                       
HH 20-1 Unknown NA 2 35 2153.4 6.40 0.001300   51.00 6.00 7.00   1.00 2.00 12.00 4.00     10.00 3.00 1.00 3.00       
HH 20-1 Unknown NA 5 63 2161.7 7.80 0.002200                                     
HH 20-1 Unknown NA 7 70 2163.1 3.60 0.007900   57.00 12.00 6.00   1.00 2.00 7.00 2.00     7.00 2.00 1.00 3.00       
HH 20-1 Unknown NA 2 61 2177.2 6.50 0.000800 1.06                                   
HH 20-1 Tocito CBS 1 0 3005.6 3.40 0.018                                     
HH 20-1 Tocito BSM 5 67 3006.3 4.40 0.014                                     
HH 20-1 Tocito CBS 4 45 3007.6 3.00 0.01                                     
HH 20-1 Tocito BSM 4 60 3007.9 7.20 0.0011   27.00 5.00 6.00   3.00 19.00 3.00 3.00 0.00   24.00 9.00 1.00 1.00 35.00     
HH 20-1 Tocito CBS 2 50 3008.6 1.60 0.0011                                     
HH 20-1 Tocito CBS 1 10 3009.1 2.20 0.0014                                     
HH 20-1 Tocito CBS 1 10 3009.5 1.70 0.0014                                     
HH 20-1 Tocito BSM 3 60 3009.7 4.50 0.0037 2.14                                   
HH 20-1 Tocito CBS 7 41 3010.4 3.00 0.0001                                     
HH 20-1 Tocito BSM 1 72 3011.7 4.80 0.0023                                     
HH 20-1 Tocito BSM 6 40 3017.1 4.80   0.81                                   
HH 20-1 Tocito CBS 4 10 3018.0 4.00 0.0029                                     
HH 20-1 Mancos BSM 6 10 3021.3 4.40     25.00 4.00 6.00   3.00 26.00 4.00 3.00     18.00 9.00 1.00 1.00 29.00     
151F Mancos BSM 5 20 917.0 2.30 2.9744   23.60 17.50 0.80 0.40 6.60 0.00 10.50 0.00   3.80 34.50     0.70 35.20   0.00 
151F Tocito CBS 2 10 920.3   24.51287                                     
151F Tocito BMS 2 10 922.0   33.26878                                     
151F Tocito CBS 2 10 922.2   47.54709                                     
151F Tocito BMS 2 10 922.3   19.810307                                     
151F Tocito BMS 2 10 922.8   48.1312                                     
151F Tocito CBS 2 10 922.9   11.2554                                     
151F Tocito BMS 2 15 923.0   17.4441                                     
151F Tocito BMS 1 15 925.1 17.30 18.5109   35.50 18.10 0.80 0.00 0.70 0.70 1.00     9.40 0.00     3.50 3.50   0.20 
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151F Tocito CBS 4 50 927.0   233.92                                     
151F Tocito CBS 1 30 931.1   80.0566                                     
151F Tocito BMS 1 30 931.3   10.49                                     
151F Tocito CBS 3 30 939.9   140.005                                     
151F Tocito CBS 2 20 943.0 9.70 80.313   4.40 13.50 0.70 0.00 0.30 7.00 0.90     15.10 5.90     0.30 6.20     
151F Tocito BMS 2 50 944.4   0.84256                                     
151F Tocito BMS 2 50 944.5 6.60 15.72                                     
151F Juana Lopez CSS 2 50 944.6 6.60 15.72   54.40 9.00 0.70 0.00 1.70 0.00 3.10     9.40 11.80     1.40 13.20   1.00 
151F Juana Lopez CSS 2 50 945.0 6.60 15.72   16.50 9.50 0.50 2.00 4.00 42.50 12.50     0.00 19.40     0.80 20.20   0.00 
25-1 SB Gallup BMS 4 30 5500.0 17.10 7.33                                     
25-1 SB Gallup BMS 1 2 5505.0 6.36 0.2994                                     
25-1 SB Gallup BMS 4 30 5509.0 14.95 8.20                                     
25-1 SB Gallup BSM 5 70 5540.0 9.20 0.2260                                     
25-1 SB Gallup BMS 4 20 5550.0 11.35 0.6874                                     
25-1 SB Gallup BSM 4 85 5560.0 10.00 5.29                                     
25-1 SB Gallup BMS 4 20 5570.0 13.75 68.9                                     
25-1 SB Gallup BMS 4 20 5575.0 11.38 79.3                                     
25-1 SB Gallup BMS 4 20 5580.0 12.37 0.3843                                     
25-1 SB Gallup BMS 4 10 5592.0 15.95 7.19                                     
25-1 SB Gallup BMS 4 15 5607.0 10.58 1.12                                     
25-1 SB El Vado MS 2 40 5378.0 10.11 2.30                                     
25-1 SB El Vado MS 2 30 5381.0 12.65 21.7                                     
25-1 SB El Vado MS 2 25 5385.0 5.08 0.0467                                     
25-5 SB Gallup BMS 5 15 5505.0 10.86 0.00080362   65.55 3.33       7.55 8.20 5.83 0.75   0.28 4.50   0.45 5.23     
25-5 SB Gallup BMS 6 60 5565.5       64.58 5.48 4.50   1.10 3.20 7.60 1.90 0.00   0.40 4.60   1.20 6.20 2.68 0.40 
25-5 SB Gallup BMS 6 65 5566.0 2.03 0.006603   72.08 3.63 4.25   0.10 14.80 0.50   0.33   0.50 0.50     1.00   1.10 
25-5 SB Tocito BMS 6 10 5461.0 10.87 0.000598088                                     
25-5 SB Gallup BMS 5 25 5520.4 9.23 0.000123169                                     
25-5 SB Gallup BMS 5 50 5540.5 6.64 0.000104466                                     
25-5 SB Gallup BMS 5 25 5559.5 10.73 0.000497993                                     
25-5 SB El Vado MS     5345.4 9.14 0.000214694   63.20 4.73 3.40   0.30 6.48 11.60 2.08 0.30     0.50 2.10     1.03 1.78 
25-5 SB El Vado MS     5364.0 5.68 6.96112E-05   55.28 8.30 4.53   1.30 4.70 9.63 1.40       2.60 8.80     1.98 3.30 
25-5 SB El Vado MS     5449.5 3.17 8.4456E-05   71.00 5.10 4.75   0.90 1.93 3.35 1.20 0.00       6.40       3.03 
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2 GM Gallup BMS 6 90 3863.7 1.80 0.000572   50.32 5.90 3.70 0.30 0.40 2.90 27.00       3.50 4.80   1.00 9.30     
3 GM Gallup BMS 3 0 3872.9 9.00 0.569486   7.26 5.80 3.80 0.20 0.30 2.50 3.30       4.30 4.60   2.60 11.50     
4 GM Gallup BMS 4 30 3884.9 3.00 0.000316   46.60 6.50 4.50 1.00 0.10 2.80 11.00       7.30 14.90 0.60 3.00 25.80     
5 GM Gallup BMS 5 60 3894.2 15.10 0.407492   64.00 8.00 4.30 0.60 0.90 1.80 6.90       6.40 8.90 0.50 2.10 17.90     
6 GM Gallup BMS 4 60 3907.1 2.20 0.017699   62.10 57.00 4.30 0.60 0.90 1.80 6.90       6.40 8.90 0.50 2.10 17.90     
7 GM Gallup BMS 3 0 3916.1 3.00 0.019224   59.10 3.70 3.40 0.40 0.50 6.00 13.20       5.00 6.80 0.50 1.30 13.60     
8 GM Gallup BMS 4 0 3928.2 7.90 0.020285   56.20 5.40 4.50 0.40 1.70 4.30 10.00       7.50 8.40 0.50 1.10 17.50     
9 GM Gallup BMS 3 10 3941.2 7.50 0.022543   60.30 6.80 5.10 0.30 0.70 7.10 4.30       9.30 4.10 0.40 1.70 15.50     
10 GM Gallup BMS 4 10 3960.0 7.00 0.018764   61.30 4.50 4.30 0.50 1.30 2.00 7.20       8.10 7.10 0.60 3.20 19.00     
11 GM Gallup BMS 2 0 3993.0       34.60 4.60 7.10 2.10 4.00 2.00 3.90       21.90 9.20 1.80 8.90 41.80     
2 Sanch El Vado MS 4 0 5277.1 5.44 0.000038739   45.00   5.00   1.00 16.00 10.00         16.00   5.00       
3 Sanch El Vado SS 2 60 5280.1     1.40 13.00   5.00   1.00 73.00 5.00         5.00           
4 Sanch Mancos S 0 80 5291.6     2.30 26.00   5.00   2.00 36.00 5.00         21.00   5.00       
5 Sanch Mancos S 1 70 5303.0 4.09 0.0000129 2.30                                   
6 Sanch Mancos S 1 100 5351.7     2.21 28.00   5.00   2.00 28.00 8.00         23.00   5.00       
7 Sanch Mancos S 1 80 5355.1 4.96 0.0000676 1.89 25.00   5.00   2.00 37.00 7.00         20.00 3.00 3.00       
8 Sanch Mancos S 1 90 5371.9     1.66                                   
9 Sanch Mancos S 1 90 5378.0     1.68                                   
10 Sanch Mancos S 1 90 5387.9     1.41                                   
11 Sanch Mancos S 1 90 5523.0 4.31 0.0000125 2.28                                   
12 Sanch Mancos S 1 90 5560.0     1.48                                   
13 Sanch El Vado SS 1 20 5563.2     1.88                                   
14 Sanch Tocito MS 3 100 5572.0 7.33 0.000114                                     
15 Sanch Mancos S 2 30 5579.2     1.59                                   
5-2 SI El Vado MS 4 20 4400.0 5.30   0.77 47.70 2.50 8.00 0.80 1.10 11.90 10.60       5.40 7.70 0.50 3.10       
5-2 SI El Vado MS 3 11 4409.1 4.40   0.79 48.60 2.50 9.40 0.80 1.20 7.60 10.50       3.80 11.30 0.50 3.00       
5-2 SI El Vado MS 3 30 4422.8     1.60 33.70 3.00 6.70 1.60 1.80 12.00 10.00       15.00 15.10 0.10 5.20       
5-2 SI Mancos SS 1 65 4443.1 4.40 0.000514 1.54 28.00 3.00 6.70 1.60 1.80 12.00 7.30       14.40 21.00 0.00 3.50       
5-2 SI Gallup HSM 6 70 4559.0     0.96                                   
5-2 SI Gallup HSM 6 70 4565.0 3.20     29.90 2.90 5.30 1.00 2.80 3.40 6.70       27.00 10.40 0.00 10.30       
5-2 SI Gallup HSM 6 70 4565.5 6.60 0.00041   36.60 3.90 4.20 0.90 2.50 3.80 9.80       23.20 7.90 0.10 7.00       
5-2 SI Gallup HSM 6 70 4579.5 3.00     49.70 2.20 4.40 0.40 1.20 6.20 12.00       12.00 7.20 0.00 4.10       
5-2 SI Unknown NA 6 70 5121.4 3.30 0.0001   20.80 1.40 3.80 2.60 2.70 9.40 1.50       17.10 27.70 0.00 12.40       
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36-D St El Vado MS 0 10 4432.5 3.60 0.000193 1.00 41.50 2.40 4.80 1.00 1.00 6.00 12.00       7.50 16.70 1.00 5.80       
Fed 44-2 Mancos SS 1 80 4413.5       32.00 5.00 6.00   2.00 18.00 9.00         20.00   8.00       
Fed 44-2 El Vado MS 3 10 4414.7       32.00 5.00 6.00   2.00 17.00 9.00         21.00   8.00       
Fed 44-2 El Vado MS 3 10 4417.5       45.00 5.00 8.00   2.00 12.00 11.00         7.00   9.00       
Fed 44-2 Mancos SS 1 85 4438.5       34.00 6.00 10.00   2.00 9.00 9.00         18.00   12.00       
Fed 44-2 El Vado MS 2 20 4450.2       41.00 5.00 8.00   2.00 13.00 13.00         10.00 3.00 7.00       
Fed 3-15 El Vado MS   1 7090.8 0.77 0.663375   50.00 6.00     1.00 13.00 13.00         10.00       5.00   
Fed 3-15 El Vado SS   1 7114.0 1.87 0.000271   32.00 3.00 5.00   1.00 38.00 5.00         15.00           
Fed 3-15 Mancos SS   0 7143.7       32.00   7.00   2.00 19.00 8.00         28.00   3.00   3.00   
Fed 3-15 Tocito BSM 4 80 7166.5       18.00   5.00   1.00 61.00 5.00       11.00             
Fed 3-15 Mancos SS   0 7191.0 2.93 0.000152   29.00 0.00 7.00   3.00 17.00 7.00         17.00 19.00 2.00   0.00   
Fed 3-15 Mancos SS   0 7259.5       35.00 1.00 6.00   4.00 15.00 6.00 2.00       8.00 19.00 2.00   2.00   
Fed 3-15 Tocito BSM 5 70 7339.8 3.53 0.000114   57.00 1.00 7.00   2.00 6.00 3.00 2.00     6.00 13.00 2.00 1.00       
SU 32-9 El Vado S 1 88 7522.5 6.43     22.00 3.80 1.90   3.50 25.40 3.90 1.70     14.70 11.20 8.20 3.50       
SU 32-9 El Vado S 1 95 7533.0 6.41     22.30 1.90 2.10   3.10 27.60 4.70 0.10     21.30 13.90 0.80 1.60       
SU 32-9 El Vado S 1 100 7537.5 6.05 0.04   21.30 5.00 0.00   3.00 32.70 5.90 0.10     19.90 10.20 1.60 0.00       
SU 32-9 El Vado S 1 90 7550.0 6.49     24.50 1.50 2.80   3.50 22.90 6.40 0.10     15.20 20.30 1.10 1.50       
SU 32-9 El Vado S 1 98 7557.0 6.37     25.50 2.40 2.90   3.40 20.30 4.80 1.20     19.90 17.00 0.70 1.10       
SU 32-9 El Vado S 1 94 7565.0 6.12     26.10 2.50 4.30   2.90 24.30 5.80 0.40     20.80 10.10 0.80 1.10       
SU 32-9 El Vado SS 1 93 7567.0 4.13 0.000227791   22.50 1.90 2.00   2.70 30.50 5.80 0.00     15.10 19.30 0.00 0.00       
SU 32-9 El Vado S 1 92 7570.5 6.27     24.60 1.30 3.60   3.70 25.20 5.00 1.00     16.20 18.50 0.80 0.00       
SU 32-9 El Vado S 1 92 7575.0 6.40 0.042   21.20 1.30 2.40   3.70 32.80 2.30 3.00     13.10 17.80 1.90 0.00       
SU 32-9 El Vado S 1 96 7577.0 6.24     22.30 0.70 2.90   3.50 37.00 3.20 2.00     10.10 18.10 0.00 0.00       
SU 32-9 El Vado S 1 100 7580.0 6.53     23.80 1.10 2.60   4.00 29.00 6.50 0.00     14.90 15.40 1.70 0.70       
SU 32-9 El Vado S 1 97 7583.5 6.73     22.50 2.20 3.50   3.60 31.50 5.30 1.80     5.20 23.10 1.10 0.00       
SU 32-9 Mancos S 1 94 7589.0 6.18     24.20 0.00 3.50   3.60 33.40 2.90 2.50     9.30 19.60 0.90 0.00       
SU 32-9 Mancos S 1 91 7593.5 6.24     24.00 4.00 1.90   2.70 31.60 5.00 0.60     14.80 14.00 1.20 0.00       
SU 32-9 Mancos S 1 86 7597.0 6.10     22.10 1.00 3.50   3.70 43.20 4.40 0.50     7.50 12.90 0.90 0.00       
SU 32-9 Mancos S 1 93 7602.0 6.73     25.30 1.80 3.30   3.90 27.30 6.70 0.10     12.50 17.50 0.80 0.50       
SU 32-9 Mancos S 1 87 7605.0 6.17     27.70 0.60 5.50   3.30 26.80 2.80 4.40     9.70 17.60 1.10 0.00       
SU 32-9 Mancos SS 1 80 7610.0 4.99     20.10 1.40 6.60   2.70 36.00 5.30 3.20     6.00 17.00 1.20 0.00       
SU 32-9 Mancos SS 1 81 7610.5 3.86 0.00019894                                     
SU 32-9 Mancos SS 1 83 7613.0 5.64                                       
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SU 32-9 Mancos SS 1 84 7613.5 4.22 0.000235858   24.70 2.40 4.90   3.50 28.80 8.40 0.00     7.20 18.70 1.20 0.00       
SU 32-9 Mancos SS 1 88 7617.5 4.36 0.000263243   23.50 1.20 7.30   3.10 35.70 6.60 0.00     9.30 11.00 1.60 0.40       
SU 32-9 Mancos SS 1 88 7618.0 5.50                                       
SU 32-9 Mancos S 1 84 7624.5 5.98 0.035   23.50 1.10 5.00   2.90 25.40 6.90 0.20     11.80 22.00 1.20 0.00       
SU 32-9 Mancos S 1 81 7626.5 5.90     24.00 2.00 4.70   3.10 32.80 5.30 1.90     14.00 10.50 0.30 1.30       
SU 32-9 Mancos S 1 86 7632.5 5.17     27.00 3.60 3.50   2.40 28.00 5.20 2.30     12.30 15.20 0.00 0.00       
SU 32-9 Mancos S 1 81 7634.5 6.12     26.10 1.30 4.50   2.70 22.30 3.40 4.10     11.10 22.30 2.10 0.00       
SU 32-9 Mancos SS 1 80 7635.5 4.16 0.00020767                                     
SU 32-9 Mancos S 1 87 7637.5 5.54     24.40 1.30 6.00   3.20 34.30 2.70 4.60     8.20 13.50 1.10 0.00       
SU 32-9 Mancos SS 1 89 7643.0 3.48 0.000133216                                     
SU 32-9 Mancos S 1 90 7644.0 5.38 0.033                                     
SU 32-9 Mancos S 1 90 7645.5 5.10     25.20 2.90 2.90   3.00 18.90 7.70 0.20     14.80 23.20 1.10 0.00       
SU 32-9 Mancos S 1 98 7651.0 5.97     30.20 1.40 4.60   4.10 17.40 6.40 2.50     14.90 16.10 1.10 0.80       
SU 32-9 Mancos SS 1 82 7656.0 4.90                                       
SU 32-9 Mancos SS 1 84 7656.5 3.27 0.000132963   31.50 1.30 4.00   3.00 18.90 8.30 0.00     12.40 18.60 1.70 0.00       
SU 32-9 Mancos SS 1 85 7659.0 3.94 0.000127907                                     
SU 32-9 Mancos S 1 87 7660.5 5.93     27.40 1.70 4.70   3.90 16.20 8.10 0.00     18.60 17.10 1.30 0.90       
SU 32-9 Mancos SS 1 87 7664.5 3.88 0.000132463   31.10 2.90 4.70   3.50 14.30 7.10 0.10     16.80 16.90 0.90 1.40       
SU 32-9 Mancos SS 1 85 7665.0 5.98                                       
SU 32-9 Mancos SS 1 83 7668.5 3.13 0.00011782   30.50 1.00 3.30   2.90 28.70 2.50 4.10     9.00 16.30 1.70 0.00       
SU 32-9 Mancos SS 1 87 7669.0 4.38                                       
SU 32-9 Mancos SS 2 96 7670.0 2.84 0.000137844   30.80 1.60 4.30   3.10 23.20 5.80 1.00     13.60 14.30 1.70 0.00       
SU 32-9 Mancos S 1 99 7670.5 4.48                                       
SU 32-9 Mancos S 1 92 7676.5 5.05     30.00 2.40 4.40   3.50 18.10 3.20 2.40     15.80 17.60 1.50 1.00       
SU 32-9 Mancos SS 1 88 7677.5 2.94 0.000126405                                     
SU 32-9 Mancos SS 1 85 7678.0 4.93                                       
SU 32-9 Mancos SS 1 83 7678.5 2.81 0.000105225   31.10 0.00 4.60   2.80 15.30 5.70 1.30     17.40 20.10 1.70 0.00       
SU 32-9 Mancos SS 1 100 7685.0 3.28 0.000125515                                     
SU 32-9 Mancos S 1 98 7687.5 5.19     30.30 1.20 3.20   2.10 16.40 7.30 0.10     16.70 20.70 1.50 0.40       
SU 32-9 Mancos S 1 97 7690.5 5.15     29.20 5.00 3.50   2.30 17.80 6.10 0.60     18.40 15.40 1.50 0.00       
SU 32-9 Mancos S 1 91 7699.0 4.84     27.70 1.90 3.90   2.60 22.80 2.50 3.50     16.50 16.10 2.00 0.00       
SU 32-9 Mancos S 1 90 7703.5 5.42     31.10 2.20 4.10   3.20 14.70 7.30 0.00     16.30 18.70 2.10 0.00       
SU 32-9 Mancos S 1 85 7707.0 4.84 0.023   29.70 2.60 1.00   2.20 23.30 4.20 1.50     17.70 14.90 0.80 1.00       
110 
Table A-1 Continued 
SU 32-9 Mancos SS 1 82 7709.0 2.74 0.000116943                                     
SU 32-9 Mancos SS 1 97 7710.5 3.32 0.000152554                                     
SU 32-9 Mancos S 1 95 7712.5 5.32     27.00 1.10 2.80   2.40 24.90 2.90 5.00     11.80 20.10 1.80 0.00       
SU 32-9 Mancos SS 1 80 7719.5 3.58 0.000187584   27.90 2.20 3.50   3.00 17.20 2.60 3.80     17.90 20.10 1.50 0.00       
SU 32-9 Mancos SS 1 80 7720.0 5.94                                       
SU 32-9 Mancos SS 1 80 7720.5 2.88 0.000155803                                     
SU 32-9 Mancos S 1 98 7722.5 4.69     27.80 1.20 4.90   2.40 25.00 2.10 5.90     11.80 16.40 1.20 1.20       
SU 32-9 Mancos S 1 87 7729.0 5.37 0.027   32.90 1.20 4.60   2.10 18.00 4.50 1.60     15.20 17.80 1.60 0.00       
SU 32-9 Mancos S 1 81 7732.0 4.84                                       
SU 32-9 Mancos SS 1 88 7733.5 3.04 0.000148883                                     
SU 32-9 Mancos SS 1 97 7738.0 4.77 0.000291728                                     
SU 32-9 Mancos S 1 97 7738.5 6.72 0.035   28.00 1.50 5.50   3.80 17.60 7.20 0.00     19.10 15.80 1.20 0.00       
SU 32-9 Mancos S 1 97 7743.5 6.00     25.70 2.00 5.70   2.90 30.80 5.90 1.20     9.50 14.20 0.00 1.80       
SU 32-9 Mancos SS 1 80 7746.5 4.51 0.000291219                                     
SU 32-9 Mancos SS 1 75 7748.0       23.80 0.00 5.00   3.20 32.70 4.90 1.20     10.20 16.50 2.40 0.00       
SU 32-9 Mancos SS 1 73 7748.5 4.15 0.000243185                                     
SU 32-9 Mancos S 1 71 7749.0 5.57 0.032                                     
SU 32-9 Mancos S 1 97 7755.0 7.02     26.50 2.00 5.40   3.80 21.50 5.40 0.00     17.80 15.50 1.80 0.00       
SU 32-9 Mancos S 1 87 7761.5       38.60 2.10 4.60   3.50 20.50 4.90 1.70     11.40 11.40 0.80 0.00       
SU 32-9 Mancos S 1 83 7762.0 6.02                                       
SU 32-9 Mancos SS 1 71 7763.5 4.35 0.000265787                                     
SU 32-9 Mancos SS 0 83 7772.0 3.53 0.000200439                                     
SU 32-9 Mancos S 0 91 7772.5 5.32 0.02   28.20 3.60 3.60   2.90 28.40 5.60 0.00     18.80 7.90 0.70 0.00       
SU 32-9 Mancos S 1 92 7776.5 5.62     23.30 2.30 4.60   2.30 38.90 4.70 1.60     10.80 11.20 0.00 0.00       
SU 32-9 Mancos SS 1 71 7779.0 4.21 0.000287278                                     
SU 32-9 Mancos SS 1 90 7781.0 4.42 0.000251135                                     
SU 32-9 Mancos S 1 95 7782.5 6.03 0.029   19.40 2.10 6.20   3.10 33.00 3.60 0.70     14.70 15.70 0.20 1.30       
SU 32-9 Mancos S 1 98 7784.5 6.40     24.80 2.10 5.70   3.60 26.30 5.80 0.20     17.80 11.30 1.70 0.00       
SU 32-9 Mancos SS 1 72 7789.5 5.59     24.30 1.00 5.50   2.40 38.80 3.60 2.30     9.90 9.60 2.20 0.00       
SU 32-9 Mancos S 1 84 7801.0 5.47                                       
SU 32-9 Mancos SS 1 83 7801.5 4.15 0.000289109   23.50 1.50 4.40   2.70 40.40 3.80 2.10     11.40 9.10 1.00 0.00       
SU 32-9 Mancos SS 1 90 7810.5 4.66 0.00030881   23.90 1.00 5.60   3.60 40.30 4.40 1.60     7.20 10.90 0.90 0.40       
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SU 32-9 Mancos SS 1 96 7811.5 4.66 0.000275914                                     
SU 32-9 Mancos S 1 89 7813.0 6.35     26.60 0.00 5.80   4.20 25.90 6.40 0.00     8.50 21.80 0.70 0.00       
SU 32-9 Mancos SS   89 7817.5 6.91                                       
SU 32-9 Mancos SS   84 7818.0 5.42 0.000314447   23.30 0.00 4.30   3.60 31.00 6.20 0.10     10.80 19.10 1.00 0.00       
SU 32-9 Mancos SS   69 7820.0 6.00                                       








Figure B-1 Detailed core description for the Navajo 151 F Core. 
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Figure B-2 Detailed core description for the Navajo 227 G Core. Core barrels in core 
images are 3 in. wide. 
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Figure B-3 Detailed core description for the Harris Hawk 20-1 Core. 
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Figure B-4 Detailed core description for the Fed 13-3 Core. 
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Figure B-5 Detailed core description for the 26-7 S. Blanco Core. 
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Figure B-6 Detailed core description for the 5-2 San Isidro Core. 
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Figure B-7 Detailed core description for the 2 Sanchez Core. Core barrels in core 
images are 3 in. wide. 
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Figure B-8 Detailed core description for the Southern Ute 32-9 Core. Core barrels in 
core images are 3 in. wide 
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Figure B-9 Detailed core description for the Southern Ute 32-9 Core. Core barrels in 




Figure B-10  Scatter plots comparing porosity and permeability values to BI, shale 









Figure B-11 Scatter plots comparing porosity and permeability values to BI, shale percentage, calcite content, dolomite 
content and quartz content for each facies describe for the El Vado Sandstone. 
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Figure B-12 Core box photographs of the 5-2 San Isidro and the 2 Sanchez. Only the lower contact is shown for the 2 
Sanchez, which is erosional and interpreted as the ES 2 unconformity. In the 5-2, the lower contact is not cored, and the 
upper contact is gradational. Note the septarian nodule at the base of the 5-2 San Isidro core. Nodules are dense at this 
interval and seen in neighboring cores. Examples of facies are labeled, and thin sections locations are circled numbers. 
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Figure B-13 Core box photographs for the SU 32-9 core. This section locations are 
number and circled. Upper and lower contacts are gradational in this core. Example of 
facies are labeled. 
